High Pressure Optical Studies of Semiconductors by Zhou, Haiping
HIGH PRESSURE OPTICAL STUDIES 
OF SEMICONDUCTORS
A Thesis Submitted to 
the Faculty of Engineering of the University of Glasgow 
for the Degree of Doctor of Philosophy
by
Haiping Zhou
© H. P. Zhou, 1992
October 1992
ProQuest Number: 13834019
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 13834019
Published by ProQuest LLC(2019). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
7Tuzsts 
C c p y l
GLASGOW
UNIVERSITY
LIBRARY
Acknowledgements
Any scientific research nowadays must, ultimately, be a joint effort of many indi­
viduals and varieties of expertise. My thesis could not have been begun, never mind 
completed, without the help of many such individuals.
Over the last three years I have been greatly indebted to my supervisor, Dr Clivia 
Sotomayor Torres. Her patient help, insightful comment, constant encouragement in 
my research and friendship have been invaluable.
My work colleagues in the spectroscopy laboratory deserve special mention. The 
technical staff, Doug Irons and Alex Ross, have provided excellent support, above and 
beyond the call of duty, promptly solving irritating experimental problems raised. 
Many hours of informal discussion with Morag Watt, William Rodden and Peidong 
Wang, fellow colleagues in 3.8, were invaluable.
I thank M. I. Eremets at the High Pressure Physics Institute in USSR for the gift of 
the micro-diamond anvil cell which has been used in my experiments. Samples for this 
work were provided by B. Lunn and D. E. Ashenford at the University of Hull for 
CdTe/CdMnTe samples, E. G. Scott at British Telecom Research Lab. for AlInAs 
samples and G. Armelles at the National Centre of Microelectronics in Spain for 
GaAs/GaP samples. For these I am very grateful.
I would like to thank the University of Glasgow for awarding me with a post­
graduate scholarship and the Overseas Research Students Scholarship for providing 
additional finance during the three years.
My husband Alan Johnston has given me much support since we met during my 
Ph.D studies. He has often given me the confidence and the understanding I needed.
Any thesis represents far more than the required three years study. Essentially, it is 
the culmination of many years of study. Therefore, the people to whom I owe the most 
are my parents and family in China. Without their many years of self-sacrifice, 
patience, constant encouragement and support, throughout my academic career, this 
thesis would never have been possible. To them I will be eternally grateful.
I dedicate this thesis to
my parents
for the love and care they have shown me over the years.
ABSTRACT
Until this work was completed no detailed studies of the low-temperature emission 
of A1q 4 gln0  5 2 As under high pressures were available to the best of our knowledge. 
We investigated the low-temperature emission of Al0  4 gln0  52As under high pressures 
from 1 bar up to 92 kbar, especially with respect to the changes in luminescence 
mechanisms that occur concurrently with the crossover between the direct- and indirect- 
related bands. By investigating the temperature and excitation power dependence of the 
photoluminescence (PL) together with the photoluminescence excitation (PLE), we 
demonstrated that the low-temperature emission of Al0  4 gln0  52As is not excitonic but
due to (D°, A°) transitions with a relatively deep acceptor of - 6 8  meV, which occurs in
both the direct- and in the indirect-related bands. We suggest that the shallow donor
ground states associated with the X- and the T- conduction bands seem to be tied quite
rigidly to these conduction bands. Variations in the donor binding energies with the 
pressure and the direct-indirect crossover seem to be minor. The linear pressure
coefficients a r  and a x  of the (D°, A°) related to the T- and X- minima in the
conduction band are 7.9 ± 0 .1  and -  2.9 ±0.1  meV/kbar, respectively. The T-X  
related state crossover occurs at -  52.5 ± 0.5 kbar at 2 K.
We studied the optical properties of a type-II (GaAs)6 /(GaP ) 6  strained-layer super­
lattice (SLS) grown on a GaAs substrate. (GaAs)6 /(GaP) 6  is a spatially indirect (type- 
II) SLS and the lowest conduction band is X level in GaP layers. The energy separation
between the X-related state in GaP layers and the T-related state in GaAs layers is -  44
meV, which was found to decrease with time. Therefore, the type-II (GaAs)6 /(GaP) 6  
SLS is mechanically unstable. The strain relaxation is a crucial problem in this kind of 
systems. We also discovered that the temperature dependence of the PL spectrum for
this type-II (GaAs)6 /(GaP) 6  SLS is different from previously reported results . 4 1 0  We
probably observed strain relaxation induced optical transitions, which may be 
associated with defects or impurities related to the F- and the X-conduction bands.
The PL properties of CdTe/Cdj.xMnxTe MQWs and SQWs with well widths from
2 to 15 nm has been studied as a function of hydrostatic pressure (0 -  35 kbar) at 4 K.
No band crossovers were observed before the phase transition at -  33 kbar. The 
pressure coefficient is found to increase with decreasing well width, as in InGaAs/- 
GaAs strained QWs but unlike that observed in the unstrained GaAs/AlGaAs QWs. The 
magneto-optical spectra of CdTe/Cd^_xMnxTe QWs have been investigated as a 
function of hydrostatic pressures at 4 K. The band gap of the Cd ^ _xMnxTe barrier 
layers decreases with increasing magnetic fields. We found that the magnetic field 
dependence of the luminescence intensity of the C dj.xMnxTe layers can be dramatically 
changed by high pressures due to the variations of the distance between the carriers and 
the Mn ions with pressure. CdTe/Cd^_xMnxTe MQWs (x = 0.063), the CdTe wells 
(L^y = 1 0  nm) have no detectable exciton energy shift with field at atmospheric and 
high pressures. In contrast, in CdTe/Cdj_xMnxTe SQWs (x = 0.125), the CdTe well 
(L^y = 2 nm) has large energy shifts with magnetic field under high pressures. These 
behaviours are consistent with the degree of penetration of the electron-hole pair 
wavefunction into the DMS barrier layers.
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Ch. 1. Theory and Review
Ch. 1. THEORY AND REVIEW
1.1 Introduction
Over the last decade, an area which has seen the greatest advances within semicon­
ductor physics has been that of low dimensional structures (LDS). This field covers the 
growth, characterization, fabrication and physics associated with thin, lattice matched 
and mismatched, semiconductor layers and devices.
It was the development of growth techniques such as molecular beam expitaxy 
(MBE) and metal-organic chemical vapour deposition (MOCVD) which allowed the 
realization of superlattice structures. These novel growth techniques have caused a 
revolution within devices physics; quantum well lasers where the emission energy is 
timed by varying well thickness and high electron mobility transistors have been 
produced, the properties of which depend on engineered band structure.
For future applications and to add to our understanding of fundamental physics, 
compound semiconductor materials with reduced dimensionality are increasingly being 
investigated. When the thickness is compared to the De Broglie wavelength of a carrier 
within a superlattice then quantum mechanical size effects, such as discrete energy 
levels within the band-structure occur. The dramatic changes in the energy spectrum 
and the density of states alter many properties of these systems.
The optical and electronic properties of quantum wells (QWs) and superlattices 
(SLs) have been studied extensively both theoretically and experimentally in recent 
years. The measurement of photoluminescence (PL) under hydrostatic pressure can be 
used as a powerful method for the investigation of semiconductor band structures and 
impurity states. This technique has also been employed to study the electronic pro­
perties of the QWs and SLs since the nature of Wannier excitons confined in the SLs
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and QWs have attracted considerable interest. High magnetic fields, which further 
quantize the energy levels and thus provide discrete optical spectra, have proved to be a 
useful means to study exciton states in QWs.
The main advantages of high pressure (HP) techniques include:
(1) HP can be used to perturb artificial semiconductor structures and change their 
lattice constants. These changes affect important parameters such as energy 
gaps and effective masses and, to a lesser degree, the dielectric constants.
(2) HP can continuously change the relative energy positions of T, L, X valleys
due to their very different pressure coefficients. This property can be used to 
determine:
(a) the nature of the lowest conduction band states;
(b) the energy separation between T- and X-levels;
(c) band offsets in QW's and SL's;
(d) T-X  mixing effects.
(3) HP can change the carrier density, it is possible to measure mobility on the 
same sample, at different carrier densities.
The obvious advantage of HP is that it can be used as an external parameter to 
modify the electronic structure without changing the intrinsic properties of the material, 
consequently HP is a powerful method for studying the electronic and optical properties 
of QWs and SLs.
The aims of my research work involve the use of high pressure techniques to 
perturb artificial semiconductor structures which hold promise for optoelectronic 
devices, in the quest to:
(1) Investigate the electronic structures and optical properties,
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(2) Determine the dominant emission mechanisms,
(3) Study the effect of impurities upon the light emitting properties,
(4) Understand the pressure dependence of recombination mechanisms,
all as function of band-gap variation in III-V and wide-gap II-VI semiconductor 
structures (lattice matched and mismatched) grown by MBE. High resolution optical 
spectroscopy techniques as well as magneto-optical measurements are used.
In this work, chapter 1 provides the basic understanding of the luminescence pro­
perties of direct band gap semiconductors and is extended to show how reduction of the 
dimensionality results in strong quantum confining effects. Hydrostatic pressure and 
strain effects are also described. Chapter 2 details the experimental approaches, the 
setting up of a photoluminescence excitation and collection system, and the use of two 
diamond anvil cells, suitably modified, for optical spectroscopy at high pressures, low 
temperatures and strong magnetic fields.
Chapter 3 gives to the best of our knowledge, the first in depth investigation of the 
optical properties of Al0  4 gIno 52As under hydrostatic pressures up to - 92 kbar at 
temperature T = 2 K, particularly considering the mechanisms of the low temperature 
emission and the pressure dependence of the emission. This work was motivated 
because A l0  4 8 In0  52As was becoming more and more technologically important in 
devices such as HEM'ft and superlattice structures.
In chapter 4, the assignment of the excitonic emissions from a type-II GaAs/GaP 
strained layer superlattice is made. The temperature and excitation power dependences 
of the emissions are explained. Chapter 5 explores to the best of our knowledge, the 
first investigation of magneto-optical spectroscopy of CdTe/Cd j ^ Mn^Te quantum wells 
under high pressures. The experiments and theories involved in the project and the 
purpose of the research are described. Then in the final chapter, future research topics 
arising from this work are presented.
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1.2 Low Dimensional Effects
1.2.1 Superlattices and Quantum Wells
Since the pioneering work of Esaki and Tsu in 1970,11 a considerable amount of
results have been obtained as regards the physical and device properties of semi­
conductor heterostructures following the concept of semiconductor superlattice 
proposed by them: a periodic structure of alternating ultra thin layers.
If the layer thickness is comparable to the De Broglie wavelength of a carrier within 
the superlattice then quantum mechanical size effects, such as discrete energy levels 
within the band structure occur. When two finite quantum wells are placed near each 
other such that the barrier between them is small enough to allow interaction between 
the wells, the degenerate states split into two bound states of nearly the same energy. If 
this multiple quantum well arrangement is extended to many wells placed together, then 
the energy levels broaden into bands, much like the energy bands of the host crystal 
which are due to the periodicity of the atomic lattice. The differences are that the 
quantum well lattice is one dimensional with a period several times larger than that of 
the crystal, and the energy bands, due to the coupled wells, are superimposed onto the 
allowed energy bands of the host. Superlattice structure gives rise to a new band 
structure, which is due to an array of square wells of width separated by barriers of 
width and height UQ.
With the development growth techniques such as Molecular Beam Epitaxy (MBE) 
and Metaloganic Vapor Phase Epitaxy (MOVPE), it has become possible to grow high 
quality semiconductor superlattices and quantum well structures and tailor the band 
structures to achieve the desired electronic properties and device applications. Very thin 
(lattice matched and mismatched) epitaxial layers can thus be deposited, defined on the
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monolayer scale. Fig. 1.1 shows the energy gaps for different materials and their 
respective lattice constants. 1 , 4 3
>V
*
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H<
5
S
ZIjJ
o \VvvN CdojjMhQ^Ta
2.0
CdTeis
In Sb
H?Ti
5.8 6.0 6.2 6.4
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Fig. 1.1 Energy gaps at 4.2 K against lattice constants (After Esaki 1986).
The interest in these low dimensional structures is primarily motivated by strong 
quantum confining effects produced by reducing the dimensionality from three dimen­
sions (3D) to quasi-two dimensions (Q2D). Because lower dimensional structures have 
larger confining effects, reduction of dimensionality can be extended, in principle, to 
quasi-one dimension (Q1D) and quasi-zero dimension (QOD) to further increase the 
quantum confining effect.
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In the case of 3D or bulk materials, the density of states (DOS) follows an E 1 ^ 2
dependence on the energy of the carrier and the occupation of the energy levels is 
governed by Fermi-Dirac statistics. Lowering the dimensionality to 2D leads to a step­
like DOS. In ID the edges of the 2D DOS develop a spike with a tail decaying as E '1^
to high energies, and finally in OD the DOS is reduced to a set of 6 -functions. Fig. 1.2
shows the schematics of 3D, 2D, ID and OD quantum systems and corresponding 
DOS’s.
BULK QUANTUM
( C o n v e n t i o n a l )  F I L M
QUANTUM
WIRE QUANTUM
BOX
E E
9<c > 9<E) 9<c>
Fig. 1.2 Schematics of 3D, 2D, ID and OD quantum systems and corresponding 
DOS’s.
With progress of microfabrication technology, we expect that Q1D and QOD 
structures can be fabricated for device applicatons in the near future. Since devices can 
be designed to have structures with any of these dimensions and sizes, it is important to 
know the electronic and optical properties of structures with lower dimensions.
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1.2.2 Optical Transitions
Interband optical phenomenon can be described within the terms of the dielectric 
function in which the absorption coefficient a  (to) is directly proportional to the
imaginary part of e(oo) = 8 j (w) + i 8 2  (00) . 1 , 2  Therefore, optical transitions are induced 
by an electromagnetic wave (e.m) between electronic states lm> and ln> at a rate 
calculated using Fermi's golden rule. We can write: 1 - 2
a(co) - 82 (co) - I < n I e • p I m > I2 q (cd) (1.1)
where m and n are initial and final states of the optical transition, e and p are the light 
polarization vector and momentum operator, respectively, and q (go) is the density of
states at energy co. The wavefunctions lm> and ln> are given by
\j/m, n (r) _  <|>e, h expi y k (r), (1.2)
where d>e’ h (z) represents the confined electron (or hole) envelope wavefunction, kjj
and Tff are the transverse momentum and position, uc v k (r) are the usual periodic part 
of the Bloch wavefunctions.
In calculating the matrix element in Eq. (1.1) it can factorize into a sum at the lattice 
points Rj of the slowly varying envelope wavefunction and an integral over the unit cell 
of the fast varying part of the Bloch functions. Thus
l < n l e * p l m > l  = Z Ri $ e (Rj) (Rj) exp1 k^e//'  * **i
• j Q u(c,ke/ / ) e * P ' 1(v,kh//)clr3- (L3)
- 8 -
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The integral is independent of Rj and is the usual bulk matrix element p which 
contains the selection rules due to light polarization and band symmetry. The sum 
yields, after transformation back to an integral and taking into account normalization 
factors:
l < n l e * p l m > l  - Lz 1 ' ' 2  < 4>e I <&>> > p 6 ^  ^  . (1.4)
Since k ^  = k ^  then transitions are vertical. The DOS is constant in two-dimensional 
systems, thus equation (1 .1 ) becomes
a(co) Lz -  6 3  (co) Lz - const. < d>e I <I>h > 2  p2  - const, p2  . (1.5)
Because p 2  is almost constant for all semiconductors (p2  /  2 m Q - 23 eV) then a  (co) is 
almost independent of well thickness, 6  x 1 0 " 3  per transition per quantum well.
When a semiconductor crystal is excited by an optical pump such as a laser, 
electrons are excited to the conduction band leaving behind a hole in the valence band; 
subsequently the excited carriers relax towards the band edge on a picosecond time 
scale. If the electron and the hole stay within the vicinity of each other coulombic 
attraction occurs to form a bound electron-hole pair, an exciton. In III-V semicon­
ductors the electrons and holes form loosely bound Wannier excitons and are free to 
move throughout the whole crystal. The exciton has no associated charge transfer and 
forms the lowest excited state of the whole crystal.
In a quantum well, due to the quantum size effect, excitons have characteristics 
different from those in bulk material. The exciton becomes quasi-two dimensional, its 
binding energy is enhanced, the degeneracy of heavy- and light-hole band is removed, 
resulting in two exciton systems.
The exciton can be described by a two particle envelope wavefunctions with either 0
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or 1  occupancy, so
a(co) - S2 (co) - I < 0 1 c • p I 'Pgjgj > I2
- l < u c, k e | e - P l u v , k h > | 2 | <I , n | 2S(0( k)-
where I I2  is a measure of the electron-hole wavefunction overlap which decreases
rapidly with n. In type I quantum wells I d>n I2  is correspondingly larger than in the bulk
material and the exciton binding energy increases as well width decreases. Considering 
that only the exciton state which matches the light momentum can be coupled to
incoming photons1-3, the exciton appears as a sharp peak in the emission spectrum due
to the k conservation rule, 6 (q k), although this may be relaxed due to interface 
disorder.
1.2.3 Selection Rules
In type-I quantum wells the electron and hole wavefunctions are localized in the 
same quantum layer. For an infinite well 3>e and <£h are orthogonal, so < d>e I Oh > is
zero unless the wavefunctions have the same quantum number, thus An = 0 selection
rule. For finite depth wells, the conduction and valence wavefunctions are no longer 
exactly orthogonal as the penetration of the wavefunction in the barrier layer depends 
on the quantum number. However, the single-particle wavefunctions still retain their
parity (even or odd), due to the symmetric confinement potential and An = 0 transitions
with either even or odd parity become weakly allowed.
According to the correspondence principle, quantum mechanical electric dipoles 
radiate like their classical counterparts. 1 , 4  Therefore, zero-order selection rules on the 
optical matrix element p and radiation patterns can be deduced from atomic physics.
-1 0 -
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Fig. 1.3. shows the dipole moment between an electron s-state and a hole p-state 
and the emission diagram. Although this description is somewhat oversimplified,
excitons tend to retain these selection rules if band mixing effects are neglected. 1 , 5
s>
(a
l(eH<s|c.p|py>
-•In* 9
(b)
ELECTRON STATES
(C )
- 1 /2  * 1 /2
O p _
- 3 /2  ‘ 3 /2
HEAVY-HOLE STATES
2 /3 2 /3
P♦ P -
• 1 /2
LIGHT-HOLE STATES
(d)
Pi
TM
light •m iuIon 
direction TE
x
Fig. 1.3. Optical selection rules for absorption and luminescence between atomic-like 
states (Bloch states) of valence and conduction band (After Weisbuch 1987).
(a) Dipole matrix element between an s and a p state.
(b) Emission diagram of that dipole according to the correspondence prin­
ciple.
(c) Possible dipole moments between conduction and valence band states; 
p+(-) indicate rotating dipole moments, which emit circularly polarized
light; x  indicates a linearly polarized dipole. Relative dipole strengths are
indicated.
(d) Geometry of the dipoles in the quantum well situation. One can see that 
heavy-holes only emit TE polarized light in the x-direction.
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1.3 Hydrostatic Pressure in 3D and 2D
Hydrostatic pressure have proved to be a valuable tool for studying the influence of 
the band structure parameters on the electronic and optical properties of semicon­
ductors, bulk crystals, or two-dimensional systems. 1 , 6
Consider a bulk crystal under uniform hydrostatic pressure, and plot the magnitude 
of the separations (gaps) between the top of the valence band and the conduction band
minima, T (the principal, lowest minimum), X and L (secondary minima at the
Brillouin zone boundaries along the <100> and <111> directions, respectively); we
obtain a diagram such as is shown in Fig. 1.4. We can see that the lowest T minimum
moves rapidly up and the direct gap increases with pressure by about - 1 0  meV/kbar. 
The secondary X minimum moves down in energy, at a rate of about - 1 meV/kbar. 
This means that the indirect gap between the X conduction band minimum and the top
of the valence band (which occurs at the centre of the Brillouin zone at D  decreases 
until it crosses below the direct gap (T) value.
It is interesting to note that the behaviour of the band gaps at T, X and L illustrated
in Fig. 1.4 (i.e., a large positive pressure coefficient for the T  gap and a small negative
one for the indirect X gap) represents a general trend that applies to all diamond and 
zinc-blende semiconductor crystals. Owing to the pronounced differences of the
pressure coefficients related to the T, X and L valleys, it is possible to identify the
nature of the lowest conduction band states by measuring the pressure coefficients of 
the photoluminescence energies in quantum wells or superlattices.
The reason that dE /  dp is negative for the gap between the valence band at T to theo
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conduction band at X is the strong influence of the d levels that lie in energy well above 
the X minima of the conduction band. These levels repel the conduction band at X,
forcing it downward in energy (relative to the minimum at T) . 1 7
Energy
Conduction
Band
~4meV/kbar
0
Valence
Band
[000] [100]
Fig. 1.4. Schematic of the energy bands under hydrostatic pressure for diamond and 
zinc-blende semiconductor crystals.
In addition, an extrapolation of the pressure dependence of the X-like or T-like
states to atmospheric pressure will give the value of the energy separation between T- 
like and X-like states at atmospheric pressure. The pressure dependence of the relative
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PL intensity will also provide information about the transition probabilities and the state 
mixing.
As the near band-edge luminescence shifts to higher energies with pressure, an 
initial pressure coefficient for the band-gap can be derived. With further increasing the
pressure, the luminescence quenches around the F~X crossover as the optical tran­
sitions become dominated by an indirect level. This allows some of the characteristics 
of the X minima related levels, such as impurity binding energy, to be examined 
experimentally.
1.3.1 High Pressure Effects in 3D
In general, hydrostatic pressure applied to a semiconductor up to a level below a 
structural phase transition acts as a perturbation on the electronic properties of the 
crystal, without destroying the symmetry and removing the symmetry degeneracies of 
the crystal. The effect of hydrostatic pressure on the electronic and optical properties of 
zinc blende semiconductors is linked directly to a decrease in the crystal volume and 
hence a decrease in the lattice constant. Therefore, only band edges which are not
required by symmetry to be degenerate may be removed with respect to one another. 1 8  
The connection between pressure p and lattice constant a, at a given temperature T, is 
given by the Mumaghan's equation of state1 *9
-  (Aa /  = 1 -  [ 1 + (B0’ /  B,,) p r 1  / <3Bo'>, (1.5)
where BQ is the isothermal bulk modulus at p = 0 and BQ’ is the derivative with respect 
to pressure p. These changes lead to changes in the charge distributions of the covalent 
bonds and consequently affect all main important parameters, such as principal energy 
gaps, effective masses and oscillator strengths all of which play a major role in the
description of most optical and transport properties of semiconductors. 1 *1 0
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For zinc-blende type crystals, the variation of energy gap with hydrostatic pressure 
is described by the deformation potential defined as
a  = dEg /  d(ln V) = -  1/3 (Cn  + 2C12) dEg /  dp , (1.7)
where C n  and C 1 2  are the elastic constants 1 1 1  The variation in energy AEg of an 
energy band Eg is proportional to the relative variation A V /  V0  of the unit-cell volume
VG:
AEg = a  AV / VQ , (1.8)
here the proportionality constant a  is the hydrostatic deformation potential associated 
with the energy band Eg , sometimes.called acoustic deformation potential. 1 1 2  For 
bulk materials the elastic constants are related to the change in volume by1 - 1 3
AV/ V 0  = 3 p / ( C n + 2 C 12).
The change in lattice constant is related to the change in volume by
3 A a /a D = AV/V0 .
Therefore we can write the normalized change in lattice constant as
A a / a 0 = p / ( C 1 1  + 2C12) .  (1.11)
The deformation potential concept was introduced by Bardeen and Shockley1 , 1 4  in
the study of the coupling between electrons or holes and acoustic phonons. The 
electron-phonon coupling constant is the shift in the energy bands due to the local 
deformation produced by vibrational modes. Their main idea is to assume that the local 
deformation accompanying a vibration mode is similar to those of a homogeneously
(1.9)
(1.10)
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deformed crystal. So, the electron-phonon coupling constants are equivalent to the 
deformation potentials which are the shifts in the energy bands induced by a 
macroscopic strain, in the hydrostatic stress which can be associated with long-
wavelength longitudinal acoustic phonons. 1 1 5
Normally, the luminescence or absorption spectra provide a relative measure of the 
position of the band-gap, Eg. It is found, in most instances, that as the pressure is
increased the band edge varies sub-linearly with pressure and can be fitted to a
quadratic equation of the form
Eg (p) = Eg(0) + a  p + (3 p2, (1.12)
where a  is in meV/kbar, the initial pressure coefficient and (3 is in meV/kbar2. The
sublinear pressure dependence of E (p) is accounted for by the non-linearity of the
©
equation of the state. A plot of E (p) against pressure, assuming that a linear
©
relationship exists with the lattice constant, gives a gradient corresponding to the 
deformation potential:
Eg (p) = Eg (0) + 3 a  (A a/ e g  (1.13)
where a  is the deformation potential. However, this analysis only applies for bulk
samples grown as single crystals. A thin, lattice matched or mismatched, epitaxial layer 
grown onto a substrate of different bulk modulus produces further complications.
It was only recently that the problem of studying thin epitaxial layers under hydro­
static pressure was first considered . 1 1 6  Ferguson et al1 , 1 7  presented the first high
pressure optical data obtained for A1q 4 gln0  52As grown lattice matched onto a InP 
substrate. From their data, an initial pressure coefficient for the Al0  48InQ 52As was 
obtained, a deformation potential for the band edge was calculated and the pressure 
dependence of the effective mass using k.p theory was derived.
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1.3.2 High Pressure Effects in 2D
Heterojunctions are basic building units of semiconductor microstructures. In par­
ticular, the key parameter on which much of the physics of low-dimensional structures 
rests is the heterojunction band offset The magnitude of the band offset depends on the 
relative position of the band edges of the constituent materials with respect to each 
other. Since the sum of band offsets is a constant given by the difference in bulk energy 
gaps, it is customary to quote the ratio of the conduction to the valence band offset,
A E^A E,.
In order to determine the position of confined levels, and consequently the band gap 
of a micro-structure together with the degree of penetration of electron wave functions 
into the barrier, an accurate value of the band offset is required. The problem of the 
band offset in LDS has been recently solved by an experimental solution, namely using
a pressure induced r-X crossover. 1 1 8
As shown in Fig. 1.5, when the pressure p < pc , the T conduction band of GaAs is
lowest in energy, and Er lh is the dominant emission in this type-I superlattice (the
lowest-lying conduction- and valence-band minima are both in the same layers of the 
superlattice). Because of the pronounced differences of the pressure coefficients related
to the T, X and L bands, the pressure causes a decrease in the indirect gap of the
AlGaAs, and an increase in the confined T-related state in the GaAs. With sufficient
pressure p>pc , the confined state in the GaAs is pushed above the X minima in the 
AlGaAs, which now become the lowest-lying conduction band minima in this quantum 
system. Hence, the application of hydrostatic pressure produces a type-II configuration 
(the lowest-lying conduction- and valence-band minima are on opposite sides of the
-17-
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superlattice) . 1 1 9
P < Pc
GaAs GaAsAlGaAs
 1  i 1
i ii----
C o n d u c t i o n
B a n d
G a A t
P >  Pc
AIGaA*
G a A s
I I I 1
r
E
V a l e n c e  B a n d AE
Z
_  X
Fig. 1.5. Schematic band diagram in GaAs/AlGaAs heterostructure before (type-I) and 
after (type-II) the T-X  crossover.
Beyond the T-X  crossover, the electrons and holes are spacially separated and 
recombination takes place across the heterointerface. This staggered transition is 
denoted as Ex lh in Fig. 1.5. The valence band offset can be written as,
AEv = Egx - E x lh + h, (1.14)
where E„x  is the indirect band gap of AlGaAs, Ex Jh is the observed transition energy
and h is the confinement energy of the carriers in the wells. Because of the large 
effective masses of electrons in the X conduction band and heavy holes, h is small.
Hence, a knowledge of Egx  and EXjjj would enable one to determine AE^ .
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The behaviour of QW's and SL's under HP is rather complicated since several 
effects have to be considered: 1 - 2 0
(a) The well width (Lz) diminishes with pressure. This results in a rise in energy 
for the conduction (valence) band levels and, as a consequence, an increase 
in the transition energy between the ground states. The pressure dependence 
of the Lz with pressure is taken from the elasticity theory:
where p is the magnitude of the external pressure, which is possitive for a 
compression; C jj and C1 2  are the elastic constants of well layers.
(b) Both barrier and well layers exhibit different pressure coefficients. There­
fore, applying pressure will change the band offsets. This will vary the con­
finement energies of the carriers in the well layers.
(c) The size quantization and the change of the gaps with the pressure lead to an 
increase of the effective masses in the well and in the barriers. This change
partly counteracts the changes due to the decrease in . 1 2 1
In analogy to the case of bulk materials, the luminescence intensity of Er  decreases 
rapidly with increasing pressure. This decrease is induced by the change of the relative 
position of r-like states with respect to X-like states and, hence, the transfer of electrons
from r-like states to X-like ones. The intensity Ir  can be expressed as follows1 - 1 9
L^(p) = Lz (0) [ l - p / ( C n + 2 C 12)], (1.15)
I = I0  {1 + A exp [(ar  -  a x ) (p -  pc) / keT]}”1 , (1.16)
where IQ and A are constants, a r  and a x  are the pressure coefficients of Er  and Ex ,
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respectively. p c is the crossover pressure at which Er  -  Ex  = 0, determined from the
intersection point of Er  against p and Ex  against p curves. pc is mainly governed by the
difference in the subband energies Er lh -  Ex lh. Neglecting small effects such as the 
changes due to pressure upon the confinement energies in the X conduction band and 
the binding energies of the excitons (small compared to Er l h ), pc is given by 1 - 2 3
Pc = f £Xlh “ E rih (P = 0)] /  ( a r  -  a x ) ,  (1.17)
Er l h (p) = Er l h ( 0 ) + a r p ,  (1.18)
Ex l h (p) = Ex l h ( 0 ) + a r p ,  (1.19)
In the absence of T-X  mixing, the transition from the X-like state to the highest
valence state at the T point is forbidden. The effect of T -X  mixing is equivalent to
turning a forbidden transition into a partially allowed one and the luminescence intensity 
is tunable over many orders of magnitude around pc . The observed spectra are a very
sensitive probe of T-X  mixing. Since the effective mass at the X point is much larger 
than that at T, the emitting exciton is highly localized at the interface. This provides a 
unique opportunity to study the interface quality on the scale of atomic separations. 1 • 2 4
To summarize, photoluminescence measurements under hydrostatic pressure 
provide an effective way to investigate the band structures and optical properties of 
LDS. The nature of conduction band states responsible for the luminescence transi­
tions can be derived from their pressure dependence without ambiguity. The energy
separation between T-like and X-like states is determined independent of the relative
position of these levels with respect to  each other.
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1.4 Effect of Strain on Energy Band Structure
With the advent of modem epitaxial growth techniques such as Molecular Beam 
Epitaxy (MBE) and Metal-organic Vapor Phase Epitaxy (MOVPE), it has become 
possible to grow semiconductor superlattices and quantum well structures tailoring their 
band structures to achieve the desired electronic properties and device applications. 
Strained-layer superlattices (SLS) give an additional degree of freedom by enabling
hetero-epitaxial growth of lattice-mismatched systems without creating dislocations. 1 , 2 5
Nature knows two answers to accommodate lattice mismatched films, namely 
elastic accommodation by strain and plastic accommodation by misfit dislocations lying 
in the interface (see Fig. 1.6). Nature seems to prefer elastic accommodation for a thin 
film up to a critical thickness. The strain energy in these structures is taken up by the 
elastic deformation of the lattice. All of the lattice mismatch is accommodated by the 
strains in the layer without the generation of misfit dislocations as long as the individual 
layers are kept below their critical thickness. Above the critical thickness misfit 
dislocations are generated relaxing the built-in strain.
s t ra in misfit
dislocation
X s u b s t r a t e  '
Fig. 1.6. Mismatch accommodation by strain (left) or misfit dislocations (right).
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1.4.1 Strains due to Lattice Mismatch
In strained-layer semiconductors, the biaxial strain in a plane is equivalent to 
applying a hydrostatic pressure plus a uniaxial strain along the growth direction (see 
Fig. 1.7). A hydrostatic pressure will shift the energy band gap of a semiconductor. 
However, the general effect of a uniaxial strain on the band structure is to split the 
degeneracies of any equivalent valleys which are not symmetric with the direction of the
applied stress. 1 -2 6
Biaxial
Compression
Hydrostatic
Pressure
Uniaxial
Stress
+
Tetragonal
Distortion
Energy
Shifts
Energy
Splittings
Fig. 1.7. Schematic of biaxial strain.
For the case of a free standing strained-layer superlattice (SLS), the equilibrium in­
plane strained lattice constant of the SLS is given by 1 - 2 7
&f/ ~ aA ( l  “ f  Lb /  (Ga  La + Gb Lb)) , (1.20)
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where LA B are the layer thicknesses and aA B are the lattice constants, f  is lattice 
mismatch of layer A with respect to layer B, given by
f  = ( aA ~ ajj) /  aA, (1 .2 1 )
Ga and Gb are shear moduli given by
G a . B =  2 [ C ! , A. B +  C j 2A, B -  2 ( C , 2A. B )2 /  C l ! A. B ]  . (1.22)
CjjA’B are the elastic constants of layers A and B, respectively.
The built-in strains in layer A due to the lattice mismatch are characterized by 
8  = 6xx = 8yy = (a/ / ~  a A) /  a A »
8zz = - 2 6 xx(C12/C 11) ,  (1.23)
8xy — 8yz — 8zx “  ® *
The direction of growth of the epilayer is taken as the z axis and 8  = 8 ^  = £yy is 
referred to as the biaxial strain.
The effects of biaxial strain on the direct (k = 0) band of zinc-blende semicon­
ductors are as follows.1*28, 1 , 2 9  In the absence of strain, the maxima of the heavy- and
light-hole valence bands are degenerate with the fundamental gap designated Eg as in 
Fig. 1.8. The biaxial strain shifts and splits the heavy- and light-hole bands, which can
be expressed by 1 - 3 1
A Ebh = [ -  2 a  (Cn  -  C12) /C n  + b  (Cn  + 2 C12) /C n ] 8, (1.24. a)
A Ejh = [ -  2 a  (Cn  -  C12) /C n  -  b  (Cn  + 2 C12) /  Cn ] 8, (1.24. b)
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here a  is the combined hydrostatic deformation potential for transitons between the 
conduction and valence bands, b  is the shear deformation potential constant charac­
terizing the splitting of the r g valence band for tension or compression along [0 0 1 ].
C B
hh
hhth -
hh
hh
strained strained
(biaxial tension) unstrained (biaxial compression)
Fig. 1.8. The r 6  conduction band minimum and the Tg valence band maximum in a 
zinc-blende semiconductor under a biaxial strain (After Rockwell et al, 
199D  1.3°
If layer A has a lattice constant larger than that of layer B, the biaxial strain is 
compressive and a corresponding band gap expansion occurs with the heavy-hole-
derived band gap. Note that 8  is defined as negative for biaxial compressive strain. In 
contrast, for biaxial tension, the fundamental gap shrinks and is light-hole related . 1 3 0
Note also that the direct conduction band minimum at r 6  is non-degenerate and 
therefore only subject to the hydrostatic component of the strain, and not influenced by 
uniaxial component. 1 - 3 2
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1.4.2 Strains due to Applied Pressure
Hydrostatic pressure decreases the lattice constants of a material. Since the com­
pressibilities of different semiconductors vary, there can be pressure-induced biaxial 
strains between semiconductors that share a common interface. Fig. 1.9 depicts the 
strain field inside a two-component [001]-oriented SLS under hydrostatic pressure p.
? ; / 7w y |- / 7 - r - f —X  ,
p
p
Fig. 1.9. Two-component SLS under hydrostatic pressure p showing tetragonal 
internal strain.
This strain field as a function of pressure p is given by1**^
8  (p) = p [ (C„ + 2 C ^ a' 1 -  (C„ + 2 C12)B- 1 ] ,  (1.25)
where 8  (p) is the pressure induced strain, p is the applied hydrostatic pressure, and the
Cjj’s are the elastic constants for the layers A and B. The total strain on a strained layer 
under pressure is the sum of the strain induced by the initial lattice mismatch and that 
from Eq. (1.25). If the compressibility of layer A is less than that of layer B, then the 
strain in Eq. (1.25) is negative and hence biaxially compressive. On the other hand, if 
the compressibility is greater, there will be a pressure dependent biaxial tensile strain.
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1.5 Photoluminescence in 3D and 2D Systems
1.5.1 Basic Features of Photoluminescence in 3D
The optical characterization of semiconductors is particularly important as it allows 
observation of fundamental material properties and provides a critical assessment of 
material quality.
Photoluminescence (PL) is the most widely used technique1 , 3 3  due to the ease of its
implementation. Luminescence occurs as the result of the creation of elementary 
excitations in the crystal, their thermalization in free and bound states, and their 
radiative recombination. The observed emission is thus the result of a complex cascade 
of events and represents a more or less complete thermalization of excitations into some
energy-distributed radiative states. 1 , 5
PL has proved a valuable technique in the studies of semiconductor electronic 
levels, such as band-edge determination and impurity identification at very low 
concentrations that cannot easily be probed by other methods. It is important for the 
growth and further purification of materials in that substitutional donor and acceptor 
impurities can be identified. Further experimental refinements to PL, selective excitation 
techniques and the application of perturbations, for example, electric or magnetic fields, 
or the use of pressure or strain, enhances the data obtained.
All the semiconductors studied in this work have the zinc-blende structure. It con­
sists of two face-centred cubic (fee) lattices, the point lattice group, displaced by one
quarter of a body diagonal1 , 3 4  (Fig. 1. 10). When considering a III-V compound such
as GaAs; the Ga atoms will be placed on one fee latice and As atoms on the other fee 
lattice. The diamond structure is similar but the atoms are of the same chemical type on 
each fee lattice. Each atom has four equally distant atoms arranged in the form of a
- 26-
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regular tetrahedron as a result of directional covalent bonding. The diamond structure 
possesses a centre of inversion symmetry at the midpoint of each line connecting 
nearest neighbour atoms. The zinc-blende structure does not have this inversion 
symmetry due to the differing atoms.
Fig. 1.10 In zinc-blende structure the different atoms (e.g. Ga and As) are on inter­
penetrating face-centred cubic lattices. Diamond is similar but both atoms 
are chemically the same. Note the tetrahedral arrangement of bonds (After
Elliot and Gibson 1982).1,34
Fig. 1.11. shows the possible optical transitions in 3D semiconductors , 1 , 3 5  which
are excitonic, free-to-bound, donor-acceptor-pair and phonon assisted transitions. The 
symbols used for labeling optical transitions are shown in table 1.1. Even though non- 
radiative transitions are not directly detected in the luminescence they are important 
because they compete with the radiative transitions, thus altering the emission intensity 
and time dependence.
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Electron-hole pair 
created by optical
pum ping
?  (e,h) Non-radiative deep 
(D*,A*) level transitions
6
Fig. 1.11. Idealized band edge diagram showing possible optical transitions (After 
Cavenett 1978).1,35
Thble 1.1 Symbols used for labeling optical transitions (After Cavenett, 1978)1-35.
(e,h) Conduction band to valence band
X Free exciton
(D*,X) Neutral Donor bound exciton
(D+,X) Exciton bound at an ionized donor, transition intensity increases 
with temperature due to thermal ionization of donors.
(A*,X)j Shallow Acceptor bound exciton, on recombination the exciton may 
leave the acceptor in a excited state where its total angular 
momentum quantum number j=0.5,1.5, 2.5
(D*,h) Neutral Donor to free hole
(e,A‘) Free electron to neutral acceptor
(D‘,A*) Donor acceptor pair
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Emission from the conduction band to valence band (e, h) is normally only obser­
ved in degenerately doped semiconductors as a result of tail states. 1 , 3 6  Although free 
exciton recombination (X) can be seen in high purity GaAs and InP, it has never been 
shown to dominate the spectra in 3D semiconductors. 1 3 7  The reason for this is that the
exciton trapping processes are often very efficient at impurities; the free exciton is less 
thermally stable and is subject to a surface recombination. Therefore, the luminescence 
spectra from even the purest semiconductors are dominated by impurity related
transitions. There exists a vast literature on impurity related spectroscopy,J-3® and the
importance of understanding such impurity and defect systems has led to very 
significant advances in spectroscopic techniques.
Under certain circumstances, the binding energy of an exciton is increased by the 
presence of a point defect, say, a neutral or ionized impurity. Energy is the fundamental 
criterion that determines whether or not an exciton can be trapped by an impurity. If the 
total energy of the system is reduced (corresponding to an increase in the binding 
energy of the exciton) when the exciton is in the vicinity of an impurity, then it is 
energetically favorable for the exciton to remain near the defect; the exciton becomes 
“bound” to the impurity. Obviously, if the energy of the system is increased when the
exciton is near the defect, the exciton will choose to remain free. 1 , 3 3
The temperature and excitation density dependences of an excitonic emission can 
give further evidence on what the transition can be related to. For an exciton bound at 
an ionized donor, the transition intensity increases with temperature due to thermal 
ionization of donors. If the emission were impurity related it would saturate when the 
density of incident photons exceeds the density of impurities. Since the formation of 
excitons is proportional to the product of the two photocreated populations in the 
bands, the exciton emission intensity should increase quadratically with excitation 
density.
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Free-to-bound or donor-acceptor-pair transitions are non-excitonic, and occur at 
lower energies than the excitonic emissions. When an electron (which is loosely bound
on a donor) combines with a hole in the valence band, donor-to-free hole (D°, h); or a
hole (which is loosely bound on an acceptor) combines with an electron in the
conduction band, free electron-to-acceptor (e, A°), a free-to-bound transition occurs.
The donor-acceptor-pair transition, (D°, A°), occurs between a neutral donor and a 
neutral acceptor leaving the impurities partially ionized.
1.5.2 Basic Features of Photoluminescence in QWs
In low dimensional structures, it well known that the most evident and ubiquitous 
effect of QWs light emissions is the much larger quantum efficiency compared to the
3D case reported in all material systems studied up to now 1*5: GaAs/AlGaAs,
GalnAs/AlInAs, GalnAs/InP, CdTe/CdMnTe, ZnSe/ZnMnSe, etc. The enhanced radia­
tive efficiency in QWs has been attributed to the larger exciton binding energy, the 
increased electron-hole overlap and gettering of non-radiative impurities at interfaces.
At low temperatures, the intrinsic free exciton recombination dominates the optical 
spectra, and extrinsic recombination processes involving impurities (electron to neutral 
acceptor recombination, bound excitons etc.) only appear in QWs at significantly higher 
impurity concentrations than those in 3D. This may be due to the more efficient intrinsic
radiative recombination mechanisms or inefficient 2D impurity capture mechanism . 1 *5
It is also well proven that in most material systems QWs are optically very bright; 
carrier collection into a QW can be very efficient. The well usually robs the surrounding 
barrier material of photo-generated carriers to the extent that it may be difficult to 
observe PL from the barrier material of a MQW stack, even when the volume of the 
barrier material may be orders of magnitude greater than that of the QWs.
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Proof that the main emission in QWs was due to free excitons was obtained from 
the quasi-coincidence of PL and PLE spectra but particularly from circularly
polarization experiments1 *3 9  (see Fig. 1.12).
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Fig. 1.12. a) Photoluminescence and its circular polarization at 50 K for excitation at 
1.65 eV with circular polarized light. The sample has 25 GaAs wells 
(L^ = 188 A) and A^Ga^^^As barriers (Lb = 19 A, x = 0.3). For this 
nonresonant excitation, mj = —1 / 2  electrons are preferentially created 
which leads to heavy and light hole exciton emission with positive and 
negative polarizations, respectively, 
b) Absorption and emission transitions for GaAs QWs with circular pola­
rized light. The transitions involving heavy (mj = ± 3/2) and light (mj = 
± 1/2) holes have relative strength of 3 and 1, respectively (After Miller
and Kleinman, 1985).1,39
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The emphasis for a theoretical description of the properties of QW structures has 
been made within the framework of the envelope function approximation . 1 , 4 0  The 
exciton energy level is given by : 1 , 5
E x =  E g +  E e Co„f. +  E h Co „ f . - E B .  <E 2 6 )
Eb = mr* e4  /  (2 h2  e2  n2  ) ,  n > 1 , (1.27)
1  /  mr* = 1  /  me* + 1  /  m^* .
where E B is the exciton binding energy and EeConf and EllConf are the confining 
energies for electrons and holes. For an infinite square well of width Lz, EeConf and
E h c o o f . a r e g i v e n b y
E^Conf. = <hn)2/ (8 me(h)*Lz2) ,  n i l .  (1-28)
The determination of EeConf + EllConf through Eq. (1.26) has been widely used to 
assess band offsets of hetero-structures. Exciton binding energies have been 
determined from the distance between n = 1  and n = 2  absorption peaks1 , 3 9  or from
PLE measurements in magnetic fields. 1 , 4 1
The sharpness and intensity of the exciton luminescence is a measure of the sample 
quality, as in bulk crystals. One of the key uses of PL has been the characterization of 
the abruptness of the interface systems. The basic concept is that since the confinement 
energy of the electron subband is a sensitive function of the well thickness, then the 
recombination energy of an exciton reflects the average thickness of the well, or at least 
that of the region of the well where the recombination event occurs. Thus the overall
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line-width, representing the convolution of all possible transitions, must reflect the 
width fluctuations.
PL line-width from QWs depends strongly on both QW width and on the charac­
teristic size of the fluctuations. For the case of GaAs QWs, alloy broadening of the PL 
line-width is often not an issue, because the wave functions are largely confined to the 
binary material. However, since the barriers are not infinite, the exciton wave functions 
do penetrate into the barrier, and the penetration is most severe for narrow wells. For 
the other material systems in which the barriers are binary and the wells ternary, the
effect of alloy broadening may be more apparent. 1 , 4 2
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2.1. PL and PLE Spectroscopy Measurements
2.1.1. In troduction
Semiconductors are transparent to light of energy less than the energy gap sepa­
rating the conduction band from the valence band. The energy at which the semicon­
ductor starts to absorb light is known as the band edge. In an experiment, the creation 
of excitons can be achieved by shining a laser beam of energy higher than the band gap 
onto the material. The electrons lifted into the conduction band by the beam rapidly 
relax to the bottom of the band, losing their kinetic energy in collisions with lattice 
vibrational waves (emitting phonons). This process is very fast (of the order of 
picoseconds). Once at the bottom of the band, electrons find holes and form excitonic 
states that collapse after a lifetime of about a few nanoseconds: in the process of exciton 
annihilation, the electron emits a photon and jumps into the empty state in the valence 
band thus annihilating the hole. This constitutes the photoluminescence (PL) signal. In 
fact the detailed sequence of events can be extremely complicated. The PL spectrum is a 
measure of the number of photons emitted from a structure at energy below E .O
The PL from a QW system contrasts sharply with that obtained from similar purity 
bulk material in that the intrinsic free-exciton recombination dominates the spectrum at 
low temperatures where impurity related processes normally dominate that of bulk 
material. The enhanced radiative efficiency in QWs has been attributed to the larger 
exciton binding energy, the increased electron-hole overlap and gettering of non- 
radiative impurities at interfaces. Most PL experiments are performed at liquid helium 
temperature in order to narrow line-widths and to prevent the thermal quenching of 
spectral features. The use of low temperatures enhances the importance of excitons in 
the optical spectra, since in most semiconductors excitons are relatively stable thermally 
below 5 K.
However, the PL emission really only gives information on the ground state, the
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lowest energy e l-h i transition in a QWs system. This is unfortunate because the higher 
states are more sensitive to phenomena like width fluctuations and so a knowledge of 
the position of these states is, in principle, extremely useful for characterising QWs. 
This failing has been in large part overcome by the use of photoluminescence excitation 
spectroscopy (PLE). PLE is a measure of the luminescence efficiency as a function of 
the pump energy (see Fig.2.1). Unlike the PL spectrum it gives information on the 
higher energy transitions, if a QWs is excited with light of energy sufficient to excite 
the higher energy transitions. In the conventional form, a tunable laser is used to excite 
sequentially through the absorption bands of a QW, by tuning the laser line from energy 
lower than that of the main PL emission upwards; these higher energy transitions can 
be measured as the excitons relax, emitting phonons, to the n = 1  level.
ex
i hv
cx
I t
Fig. 2.1. Schematic diagram of the PL and the PLE methods.
Although the luminescence is observed from the ground state transition, when the 
laser energy is resonant with an exciton level, the usual resonance feature observed in
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absorption is detected in the PL emission. In fact the PLE is another example of 
resonant excitation and fundamentally gives the absorption spectrum, replicated in the 
strength of the PL. The PLE technique, therefore, provides a much more complete 
characterization of the low dimensional systems.
This project involved using a high resolution, low temperature, high pressure and 
strong magnetic field luminescence system, the diagram is shown in Fig. 2.2.
1.5kV Voltage 
Supply
Cooling System 
For PMT
Stepper-Motor 
Drive Output
CCD Multichannel 
/ Detector
Germanium
DetectorN
Stepper
Motor Spectralink 
Data Acquisition 
Spectrometer Control
l l l l l l l l l
Computer Optical
Cryostat
Jobin Yvon 
U1000 Double Spectrometer
Light Collecting Optics Laser 
Focussing Optics
Coherent 
Dye LaserSpectra-Physics Argon Ion Laser
Laserspec HI 
Laser Filter 
Monochromator
Fig. 2.2. Schematic diagram of the experimental apparatus used for the PL and the 
PLE measurements (After Rodden, 1992).2-1
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Low temperature measurements required the sample to be placed in the cryostat and 
cooled. A laser was used to photocreate electron-hole pairs and obtain the luminescence 
spectrum. The emitted radiation was dispersed by a spectrometer and then detected 
using a photomultiplier tube and standard photon counting techniques. In order to 
remove plasma lines from a laser beam, a filter monochromator was used. A large bore 
optical cryostat and a superconducting magnet were used to accommodate two diamond 
anvil cells (DAC) for high pressure and magneto-optical measurements. Because any
sample inside the DAC is very thin (about 100 pm by 100 pm), it is difficult to align
the laser beam exactly on the sample. Therefore, an imaging system, consisting of a 
CCD camera, a television and a reflecting minor, was used to make alignment easy.
2.1.2. Lasers
The Spectra-Physics model 2045 Argon ion laser was used either directly or as a 
pump for a dye laser to excite the sample to produce the photoluminescence spectra. 
The Spectra-Physics model 2045 Argon ion laser was provided with optics allowing 
single line operation in the visible and UV. Typical powers available in single line 
operation are given in Table 2.1.
Thble 2.1 Output power available from the Spectra-Physics model 2045 Argon ion 
laser operating in single longitudinal mode. 2 , 2
Wavelength Power Wavelength Power
4545 A 480 mW 4880 A 9.0 W
4579 A 1.6 W 4965 A 3.4 W
4658 A 850 mW 5017 A 1.8 W
4727 A 1.4 W 5145 A 8.9 W
4765 A 3.3 W 5287 A 1.1 W
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The dye laser is the Coherent CR-599 and can be used in conjection with DCM 
(610 -720 nm), Styryl 9 (780-900 nm), Pyridin 1 (670-780 nm) and other dyes 
depending on the laser optics. By correct choice of the lasing wavelength PLE 
experiments can be performed for some samples. Fig. 2.3 shows the Coherent CR-599 
dye laser optical schematic.
2.1.3 L aser F ilter M onochrom ator
The laser filter prism monochromator ensures only single line excitation of the 
sample and is important for removing the Argon laser plasma background when using 
the photon counting system. The prism monochromator used here allows the mono­
chromator to operate with a transmission of over 75 % and an almost flat spectral res­
ponse from 350 nm to 900 nm . 2 , 4  However, the transmission depended on the beam
size and so a transmission of around 50 % was usual. A diagram illustrating the light 
path through the filter monochromator is shown in Fig. 2.4.
P IE Z O  O R IV E I 
FO L D IN G  M IN 
(H '0 i Fr«yuOTc
B E A M  S P L IT T E R
B IR E F R IN G C N T  F IL T E R  
< 3 P l r a  I
H IG H  R E F L E C T O R
Fig. 2.3 The Coherent CR-599 dye laser optical schematic. 2 *3
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Input
Unfiltered laser light.
Prism to reflect light by 
total internal reflection.
Output
Filtered laser light
Prism to disperse light. 
The light makes two 
passes through this prism.
Prism
Rotate to change 
transmitted wavelengths Reflector
To return light through 
the prism a second time.
Fig. 2.4 Schematic diagram of light path through “Laserspec in ” filter 
monochromator (After Rodden, 1992).2-1
2.1.4 Spectrometer
The spectrometer used was a Jobin Yvon Ramanor U1000. This is a one metre 
focal length double grating spectrometer, i.e., two single spectrometers side by side 
with the gratings attached to a single shaft to eliminate any relative movement. The 
image of the exit slit of the first spectrometer falls upon the entrance slit of the second 
spectrometer; the light path is shown in Fig. 2.5. The gratings are coupled additively in
that the second grating further disperses the light incident upon it. 2 - 5
This spectrometer utilises two gratings covering two different spectral regions. For 
the work presented here two 1800 grooves/mm gratings were used, which are 
holographic gratings and efficient throughout the visible region of the spectrum, with
dispersion in the range between 0.45 and 0.8 p.m. The grating efficiency as a function
of wavelength is shown in fig. 2 .6 .
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Fig. 2.5 Schematic representation of the light path within the double spectrometer. 2 - 5
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100
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Wavelength (nm)
Fig. 2.6. Grating efficiency curves for the visible gratings (1800 grooves /  mm gra­
tings) for light polarized parallel to the grooves, perpendicular to the groo­
ves and for the unpolarized light (E^, Ei  and En respectively).
The spectrometer, with these gratings, provides a reciprocal dispersion of 0.243 
nm/mm at 514.5 nm and a stray light rejection of 10 ' 1 4  at 20 cm - 1  from the Rayleigh
line . 2 , 5  Such high dispersion and resolution were important for measuring narrow
spectral emission and determining the values of pressures from ruby emissions. 
However, the actual resolution achieved during operation depends upon the slit widths 
(FI, F2, F3 and F4 in Fig. 2.5). The static bandwidth of a monochromator is found by 
multiplying the reciprocal linear dispersion by the slit width used. Normally the 
monochromator is used in scanning mode, which means that the total bandwidth is the 
sum of the static and dynamic bandwidths. The dynamic bandwidth is defined as the 
scanning rate in ft/s multiplied by the time constant of the associated detector. The
typical curves are shown in Fig. 2.7 . 2 - 6  There is always a trade off between resolution
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and the signal-to-noise ratio, depending on equipment stability, scanning speed and 
time available for a scan.
9 -
300A/min
o<
T3
60A/min
Static
Slitwidth (10 1mm)
Fig. 2.7. Values of the total resolutions as a function of slitwidth for two scan speeds 
and a time constant of 1 second (After Watt, 1989).2 6
The spectrometer is controlled by a Jobin Yvon “Spectralink” spectrometer 
controller interfaced to an IBM compatible computer, which operates a superior electric 
stepper motor. The commercially written software package “PRISM” from ISA was
used for data acquisition. 2 , 7  A laser line of known wavelength is used to calibrate the
spectrometer. There is also a backlash effect when reversing the direction of travel of 
the spectrometer and so spectra need to be recorded always in the same direction and 
always approaching the start of the scan from the direction of travel of the scan.
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2.1.5 Detector
For the visible region, light detection was performed using a Hamamatsu photo­
multiplier tube (PMT), type R943-02, with a Cs-activated GaAs photocathode, with an 
approximate spectral range of 160 nm to 930 nm. The PMT was operated at 1.5 kV,
supplied by a Thom EMI photomultiplier power supply (type PM 28B).2-8 In order to
reduce thermal noise the PMT was cooled to approximately -  20 C° using a Pacific
instruments PMT housing2 - 9  and temperature controller, 2 1 0  utilizing the Peltier
effect. 2 - 1 1  A Pacific Instruments model 3470/AD6 amplifier discriminator was used at 
the front end of the photon counting system.
Fig. 2.8 shows the spectral response of the detecting U1000 system, consisting of 
the light collecting optics, spectrometer (1800 grooves/mm grattings) and Hamamatsu
photomultiplier tube (R943-02) cooled to -  20 C°.
3
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Fig. 2.8 Spectral response of U1000 system (After Watt, 1989).2-6
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The spectral response was measured by passing light from a black body source 
through the spectrometer, measuring its spectrum and then correcting it for the known
wavelength dependence of the emission from the black body source. 2 , 6
2.2. Low Temperature and Magnetic Field Experiments
2.2.1 Cryostats
(i) Large Bore Optical Cryostat
Most of the optical measurements at low temperatures and high pressures were 
made using the cryostat depicted in Fig. 2.9. This cryostat was produced by Quantum 
Production Limited to specifications including: a temperature range of 1.5 - 300 K, a
50° optical access to the sample, and most importantly a large top loading aperture to
take a diamond anvil cell. Both the inner and the outer windows were made of
Spectrosil WF (water free) which has a flat spectral response from 250 nm to 2 pm and
a transmission in excess of 80 % throughout the range. 2 , 6
The cryostat could be operated in either bath or gas-flow modes, which depends on 
the temperature region of interest. Below 4.2 K, in bath mode, helium was transferred 
to the sample space from the helium reservoir through a needle valve. Once full, it was 
pumped by a rotary pump reducing the pressure and hence the temperature below the 
lambda point, where it became bubble free superfluid helium (temperature range 1.8 K 
to 2.1 K). For temperatures above 4.2 K, the cryostat operated in a gas flow mode. 
Helium gas was sucked through the needle valve and the sample temperature was 
controlled by balancing the cold gas/liquid input with the heat generated by a heater in 
the base of the cryostat, allowing the temperature to be varied from 4.2 K to 300 K, 
with an accuracy of ± 0.5 K.
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Sample Insert,
Needle Valve 
(For controlling tho liquid and g u  
flow into tho Hog aoraplo spaco)
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Sintered copper block
Sample position and optical axis of the cryostat
Fig. 2.9 Schematic diagram of the large bore optical cryostat used for the low tem­
perature and high pressure experiments in this thesis.
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(ii) Baffle valve
In high pressure optical experiments, when the diamond anvil cell (DAC) was 
removed from the sample space of the cryostat to change sample pressures, air came 
into the sample space of the cryostat at the same time, which resulted in freezing on the 
optical windows, sometimes blocking the needle valve. This serious problem meant a 
rescheduling of the experiments since it was necessary to heat the cryostat back to room 
temperature.
To tackle this problem, a sample rod and a baffle valve were designed for the
cryostat. The new sample rod allowed the sample position to be rotated through 360°
and varied in the vertical direction. The baffle valve prevented air from coming into the 
sample space. The schematic of the baffle valve is given in Figure 2.10.
sSSXVXVV\.Vs\
VALVE
Fig. 2.10. Schematic diagram of the baffle valve.
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Since using this improved structure, the DAC could be moved to a separated region 
by closing the baffle valve and then, taking off the DAC from the cryostat. When the 
DAC inserted into the cryostat, the separated region could be pumped out before 
opening the baffle valve and then the DAC inserted into the sample space. In the whole 
process, no air came into the sample space. Consequently, the incorporation of the 
baffle valve made a significant con-tribution to shortening the running time of the high 
pressure experiments at low temperatures.
(iii) Oxford Instrument Cryostat
For general low-temperature measurements, the Oxford Instrument CF1204 was 
used. The CF gas flow system is shown in fig 2.11.
Helium
recovery
line
Temperature Controller
Electrical leads
Needle valve
Transfer Tube
Flow control 
Console
Gas flow 
Pump
Continuous 
Flow Cryostat
Helium
Dewar
Fig. 2.11. CF gas flow system for the Oxford Instrument CF1204 cryostat. 2 - 1 2
The continuous flow cryostat operates by controlling the transfer of helium to a 
vacuum insulated, radiation shielded, sample space in the cryostat. Sample temperature 
was maintained to within ± 0.2 K by balancing the flow through the cryostat with
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power applied to an electrical heater attached to a heat exchanger. Coolant flow is 
produced by generating a pressure difference between the sample vessel and the helium 
return line with a gas flow pump. The flow and pressure in the helium return line are 
monitored and controlled by the flow control console. The cryostat operates in bath 
mode by transferring helium from a dewar into a reservoir in the cryostat. Once the 
reservoir was full coolant flow through the cryostat could be controlled by the needle 
valve. By collecting helium in the sample chamber, sealing with the needle valve and 
pumping as described in the previous section a base temperature of ~ 1.8 K can be
reached . 2 1 2
A flow control console was used for the CF1204 cryostat. It consists basically of a 
vacuum gauge, needle valve and flowmeter, as shown in Figure 2.12. The gas from the 
cryostat enters the console, passes through the needle valve into the gas flow pump and 
flows along the helium return line through a calibrated flow meter. This unit controls 
the flow of helium through the cryostat and records helium consumption. A negative 
pressure gauge is connected to the gas flow line after it enters the console from the 
cryostat. This monitors the line pressure and can be used to check for blockages in the
transfer or air leaks in the CF system . 2 1 2
N eed le
valve
From
Cryostat Gas flow pump
P r e s s u r e  G au g e
Flow meter
Helium
Recovery
Line
Fig. 2.12. Flow control console for CF gas flow system (After Ferguson, 1986).2-12
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2.2.2. Temperature controller
Temperature control and stability is very important for using a cryostat particularly 
above liquid helium temperatures. This can only be achieved with a temperature control 
unit providing a feedback system. The required temperature was, firstly, approximately 
obtained by controlling the flow of cold gas through a needle valve in the cryostat The 
temperature controller was preset to the required temperautre and provided an error 
signal relating to the difference between the set point and the actual temperature. The 
error signal gave a proportional level for the electrical heat input into the cryostat tail to 
balance the cooling by the cold gas.
An Oxford Instrument Model ITC4 temperature controller with sensors attached 
was used to control the sample temperature. A RhFe resistor was used as the feedback 
temperature sensor. In the gas-flow mode a temperature gradient existed in the Quantum 
Products cryostat between the tail section and the sample insert. A sensor, a RhFe 
resistor, was attached to the insert to determine when the sample reached thermal 
equilibrium and obtain more accurate measurement of the actual sample temperature.
2.2.3. Superconducting Magnet
For high pressure measurements in magnetic fields, a cryostat equipped with a 
superconducting magnet providing magnetic fields up to 8  Tesla was used. Its basic 
structure is similar to that of the large bore cryostat, but a superconducting magnet is 
hung near the bottom of the cryostat. A power supply was used to control the magnetic 
fields. A micro-diamond anvil cell (DAC) was inserted in the centre part of the magnet 
and the temperature was kept at 4.2 K. The magneto-optical investigations of high 
pressure spectroscopy were performed with two optic fibers which guided the ingoing 
laser light and the outgoing photoluminescence. All measurements were carried out 
with the magnetic field parallel to the growth axis of the samples.
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2.3. High Pressure Measurements
2.3.1. Introduction
Over a period of over 20 years, the diamond anvil cell (DAC) has evolved into a 
fine quantitative tool for modem high pressure research . 2 , 1 3  In the history of this 
evolution several important innovations are to be recognised. They are (1) the 
introduction of the metal gasket technique2 , 1 4  for hydrostatic pressure generation, (2 )
the discovery of the ruby fluorescence technique2 , 1 5  for pressure calibration, and (3)
the introduction of new pressure transmitting media . 2 , 1 6  A schematic of a diamond 
anvil cell with its main components is illustrated in Fig. 2.13.
Force
Oiomond
Support
Oiomond
T 301
S ta in le s s
S tee l
G asket
Fig. 2.13. Basic principle of the diamond anvil cell (After Jayaraman, 1986) 2,17
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Although many different types of cells have evolved, the basic principle of a 
diamond anvil cell is quite simple. When a metal gasket is compressed between the 
small flat faces (flattened by grinding and polishing of the culet) of two brilliant cut gem 
quality diamonds set in opposed anvil configuration, very high pressure is generated in 
the gasket hole, which is usually filled with a pressure transmitting medium. The 
reason for the generation of such high pressure is that the flat area is so small the 
applied load gets multiplied by a large factor (200 - 500, depending on the size of the 
flat).
For the successful operation of the diamond cell, the two anvil flats should be 
accurately centered and set parallel to each other. Further, a thrust generating 
mechanism and hardened backing support for the diamonds have to be provided. The 
cell can be designed in different ways to meet these requirements and this has given rise
to several versions of the DAC . 2 1 7
2.3.2. Diamond Anvil Cells
The two diamond anvil cells (DAC) used in this work were a commercial Diacell 
DO-1 clamp cell (see Fig. 2.14) based on the Mao-Bell piston/cylinder cell2 1 8  and a
micro-diamond anvil cell mainly for high pressure experiments in magnetic fields (see 
Fig. 2.15), which was developed at the High Pressure Physics Institute of Russian 
Academy of Sciences.
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Fig. 2.14. A Diacell DO-1 mounted on a supporting rod.
Fig. 2.15. A micro-diamond anvil cell. 1) The miniature cell body, 2) piston, 
3) bearing, 4) nut, 5) anvils, 6 ) gasket, 7) support ring /  cylinder.
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The most important development in DAC usage, and the key to hydrostatic pres­
sure generation, was the introduction of a metal gasket between the diamonds. The 
metallic gasket of beryllium-copper, stainless steel or inconel, is normally pre-indented
from 200 pm to 100 pm before drilling a hole of 250 pm in the centre to reduce
material flow and to provide a work hardened area. Not only does the gasket form the 
sample chamber containing the pressure medium, but it also extrudes around the 
diamonds, forming a seal acting as a supporting ring for them.
A sample thinned by hand to - 30 pm thick and cleaved to a -  50 -100 pm square
was placed inside the hole together with a pressure sensor ruby chip 1 0  - 2 0  pm and the
pressure transmitting medium. In the diamond anvil cell, pressure is induced in the 
sample chamber by applying a force to the back surfaces of the diamonds, deforming 
the gasket. Sample volume is normally sacrificed for higher pressures.
2.3.3. Pressure Calibration
With the introduction of the ruby fluorescence method in 1972 by Forman et al 
(1972)2-15 a major obstacle to the DAC use, namely, pressure calibration, was remo­
ved, clearing the way for widespread use of DAC for high pressure investigation.
Below 200 kbar, the ruby R lines linearly shift to longer wavelengths at the rate of 
0.0365 nm /  kbar. 2 1 9  The ruby R lines are quite sensitive to temperature and exhibit a
positive shift with temperature. The temperature coefficient AX /  AT of the R line shifts
with temperature at the rate of 0.0038 nm /  K . 2 - 2 0  However, Noack and Holzapfel
(1979)2-21 have demonstrated that the linear scale holds good at any temperature. The
gradient AX /  Ap remains the same regardless of the ruby temperature.
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A tiny chip of ruby is placed in the pressure medium along with a sample, and the 
fluorescence is excited by any source of strong light. The R lines of ruby are quite 
intense, and the doublet R j and R 2  have the wavelengths 692.7 and 694.2 nm, 
respectively, at atmospheric pressure. Under pressure these shift to higher wavelengths 
and the shift is linear with pressure. The accepted value for the ruby R-line shift is
0.0365 nm /  kbar or -  0.753 cm-1 /kbar. 2 , 1 2
2.3.4 Low Temperature Pressure Transmitting Media
In using the DAC, consideration must be given to the choice of pressure trans­
mitting medium particularly in ensuring that it will be hydrostatic at all pressures and 
temperatures used. This is most important for semiconductors where any uniaxial 
component to the applied pressure will split the valence band, complicating the 
observed transitions. A methanol-ethanol mixture in the ratio 4:1 was used, this should
remain hydrostatic to 100 kbar. 2 1 6  The mixture can be used at low temperature as long
as the pressurization is completed at room temperature and the cell then cooled 2 1 8  Our
own measurements confirm this, as no signs of non-hydrostatic pressures were 
observed in the ruby fluorescence.
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3.1. Introduction
Originally the main motivation for growing semiconductor alloys such as A ^G a^ 
As was to produce room temperature luminescence in the visible region. A1q 4 gInQ 5 2As 
appeared a good candidate as it had been shown to have a r-X crossover ~ 100 meV
higher than AlxGal x As. 3 * More recently A!q 4 gInQ 5 2As, grown lattice matched to InP
and Gao.4 7 1"o.5 3 As’ have become important for optoelectronic devices and 
heterqj unctions. Its main advantage, as compared to InP, is its larger band gap resulting 
in a larger conduction band discontinuity AE = 0.6 AE and consequently a better 
carrier and light confinement, e.g., in AlInAs/InGaAs lasers, whereas at the
InP/InGaAs heterojunction AEC = 0.4 AEg. 3 2
However, in the race to produce good quality superlattice structures of 
^0 .48^0.52^/G a0.47k10.53^s abrupt interfaces, detailed studies of the material 
and physical properties of Al0  4 gln0  52As have been neglected. Some of the outstan­
ding questions concerning AlInAs are the origin of the low-temperature emission, the 
behaviour of donors which may form metastable DX-like centres, and the pressure at 
which the X-minima cross the band edge (the conduction band crossover effects), all of 
which have serious implications in the performance of tunnelling and light emitting 
devices in that they give rise to conduction by "slower" carriers and light emission by 
less efficient states, respectively.
Defects and deep levels in semiconductors are characterized by strong lattice 
potentials which act to localize the electronic wave functions near the sites of the defects 
or impurities resulting in an enhanced electron-lattice interaction. Such potentials are 
dominated by short-range forces which are, in turn, strong functions of interatomic 
separations and the local lattice environment. By reducing the interatomic spacing, 
hydrostatic pressure can be used to significantly modify defect and deep level potentials
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and to tune continuously the strength of the electron-lattice interactions. Thus results of 
pressure experiments can lead to new insights, allow testing of proposed models and 
aid in the determination of the microscopic nature of defects. Additionally, pressure 
results contain information on the lattice relaxations associated with the formation of 
defects as well as with the emission and capture of carriers at deep levels.
Hydrostatic pressure is a powerful tool to vary controllably the band structure and 
the energy sequence of the conduction band minima in semiconductors, while keeping 
constant extrinsic factors, such as the doping distribution, interface quality, etc, thus 
greatly helping the analysis of the electrical and optical processes occuring at 
atmospheric pressure. In addition to relative band movements, there is some change in
the electron dispersion relation. This is most pronounced around the T minimum of the
conduction band where the relative increase in effective mass, m*, is approximately
proportional to the relative increase in the direct band gap . 3 *3  For GaAs, the pressure
dependence of the effective mass reported by Wasilewski and Stradling3 , 4  is given by :
m* (p) /  m* (0) = 1 + 6.15 x 10" 3  p -  1.22 x 1(T5  p2  , (3.1)
where the pressure, p, is expressed in kbar. The changes in the heavy hole mass and 
the electron masses in the L- and X- minima are relatively small and are usually
neglected . 3 , 5
From the near band-edge luminescence shift to higher energies as the pressure is 
increased, an initial pressure coefficient for the band gap can be derived. As the
pressure is further increased, the luminescence quenches around the T-X cross-over as
the material becomes dominated by an indirect level which can be tracked to lower 
energies in the case of the X-point. This allows the characteristics of X-minima related 
levels, such as impurity binding energy, to be examined experimentally. Thus, using
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hydrostatic pressure allows the band structure to be tuned to exactly the right condition 
for the observation of certain processes and also makes accessible parts of the electronic 
band structure only indirectly observable at atmospheric pressure.
It has been suggested that the low-temperature emission of AlQ4 8 In052As is due to
band-to-band transitions or bound excitons , 3 -6  but other assignments such as free-to-
bound and donor-acceptor-pair transitions also should be considered. The correct 
assignment of the A I q 4 gln0  52As emission is crucial since an accurate estimate of the 
lattice matched band-gap energy depends on it. This is complicated in alloys such as 
A Iq 4 gln0  5 2 As as the near band-edge luminescence does not show the sharp excitonic 
transitions observed in binaries such as GaAs. PL work on A I q 4 gln0  5 2 AS under
hydrostatic pressure by Ferguson et al3 - 7  reported the linear pressure coefficient of the
direct conduction band gap to be 10.1 meV/kbar at 80 K. In their work it was hoped to
observe the T-X cross-over at - 60 kbar (T-X separation in energy at 1 bar is - 0.6
eV), but no emission associated with the X-level was observed for the A l0  4 8 In0  52As 
at 80 K up to 65 kbar.
To the best of our knowledge no experimental results for the pressure-dependent 
low temperature emission have been reported in Al0  4 gln0  5 2 As. The motivation for this 
work was to identify the low-temperature emission and to provide a detailed high 
pressure investigation of the luminescence properties of AIq 4 gln0  5 2 As, grown lattice 
matched to InP.
These studies consist of PL and PLE measurements. Our results provide an insight 
into the luminescence processes that occur in Al0  4 gln0  5 2 As, especially with respect to 
the changes in luminescence mechanisms that occur concurrently with the crossover 
between the direct- and indirect-related bands. At the same time these studies have 
furnished important data on the pressure behaviour of impurity states in the alloy.
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3.2. Experimental Considerations
3.2.1 Samples of Al0  4 8 In 0  52As
A ll the samples studied in A I q 4 gln0  52As work were grown epitaxially on InP sub­
strates by MBE at British Telecom. The typical thickness of the Al0  4gInQ 52As layers is
- 2 pm. Table 3.1 is the summary of the luminescence properties of A I q  4gInQ 5 2 As.
Table 3.1 Summary of the luminescence properties of A I q  4 g I n Q  52As
Sample Growth 
Temperature (°C)
Emission 
at 2K (eV)
HWHM
(meV)
n (CV) at 297K 
(x lO1  ^cm‘3)
Doped
MV402 550 1.5309 21.7 8.0 Si
MV408 580 1.5498 16.9 1.0 u /  d
MV409 580 1.5460 15.6 9.0 u / d
MV411 580 1.5333 17.4 2.3 u / d
3.2.2 Experim ents
A key aspect in high pressure measurements is sample preparation. The best way of 
thinning the samples, to the required total thickness of - 30 pm, was found to be 
mechanical polishing the substrates by hand. Once the samples were thinned, they were
cleaved, by hand under a microscopy, into some pieces - 1 0 0  pm x 1 0 0  pm for
loading. In many instances, the process of cleaving appeared to result in the loss of the 
epitaxial layer. This happened occasionally for sample MV402 and often for other 
samples, so sample MV402 was mainly used in high pressure experiments.
A single sample and a fine ruby particle were placed in a gasketed Diacoll diamond 
anvil cell (DAC). A 4 : 1 mixture of methanol and ethanol was used as the pressure 
transmitting fluid. The pressure was determined using the ruby luminescence method
and its pressure dependence . 3  8  The DAC was inserted in avariable-temperature
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cryostat which was cooled by liquid helium. In order to achieve optimal hydrostatic 
conditions, the pressure was changed only at room temperature.
The PL spectra were excited using the 476 nm line from an Argon-ion laser. The 
emitted light was dispersed by a double-gratting lm  monochromator and detected with 
a cooled GaAs photomultiplier tube. The PLE apparatus was similar to the PL 
apparatus, where a dye laser was used as the excitation source with DCM dye which 
had a tuning range of 610 - 710 nm. The spectra were recorded at 2 K. The typical 
spectral resolution was 0 . 1  nm (- 0 . 2  meV).
3.3. A Iq  #48 l n Q ,52^ s ur|der Hydrostatic Pressure
3.3.1. Luminescence of Al0 48In0 52As under Pressure
In Fig.3.1 we show the photoluminescence spectra of Al0  4 8 I r i Q  52As under various 
hydrostatic pressures at 2 K. Each of the spectra is normalized to its maximum inten­
sity. The p = lbar spectrum consists of one strong peak A at 1.5309 eV and a much 
weaker peak B at 1.600 eV. The low energy emission A is assigned to the 
Al0  4 gIn0  52As. The higher energy emission B may be a consequence of Si doping of 
the A I q  4 gln0  52As sample, but its assignment is uncertain at moment.
Upon applying pressure we can see that peaks A and B both shift rapidly upward in 
energy. The lower energy, broad band, emission C is due to the InP substrate. 
Increasing the sample pressure further to 47 kbar, the peaks A and C both move to 
higher energies. However, at a certain pressure p c (50 - 55 kbar), the shift of the PL 
spectra from A I q  4 gln0  52As saturates. When the pressure is increased to 59 kbar 
(above the critical value pc), peak A disappears and a new peak of weaker intensity than 
peak A is observable. This new peak is labelled A' in Fig. 3.1. With increasing the 
pressure, peak A' tends to move down slowly in energy, followed by a complete 
disappearance of this emission at - 1 0 0  kbar.
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Fig. 3.1. PL spectra of Al0 ^gln^ 52As under various pressures at 2 K. At p = 1 bar, 
emission A is direct. With increasing pressure, the T-like state is shifted 
above the X-like state, permitting indirect emission A' to be seen.
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It is well known that the T-conduction band of A I q  4 gln0  52A s  has a positive
pressure coefficient, whereas the indirect X-conduction band has a smaller negative 
one. Like many other mixed III-V compounds, the fundamental band gap of 
A I q  4 g I n Q  5 2 As is direct for low pressure, but indirect for high pressure. With
increasing pressure, the T-band edge increases and the X-band edge decreases relative
to the valence band, so it is expected that the direct-indirect crossover takes place at a 
certain critical pressure value pc in AIq 4 gln0  5 2 AS.
When the X- and the T-minima of the conduction band come closer in energy, some
electrons begin to occupy the X-like states. This results in a decrease in the emission 
intensity. Based upon the shifts of the two peaks A and A', revealed by the application 
of pressure, we identify peak A as direct-band related emission, and peak A’ as 
stemming from indirect-band related recombination.
It is worth noticing that we also observe a new peak labeled B’ at the higher energy 
side of the peak A' when the pressure is greater than 70 kbar. This new peak B' is 
almost independent of the pressure within the range studied of 45 - 92 kbar. The reason 
for this phenomenon is not yet clear; we tentatively suggest that it may be associated 
with DX-like states in the AIq 4 gln0  52As sample and with a pressure- induced shallow- 
deep transitions.
3.3.2. Pressure Dependences and Energy-band Crossover
The spectral peak positions in these spectra and additional spectral not shown in 
Fig. 3.1 are plotted as a function of pressure in Fig. 3.2 over the 1 bar - 92 kbar 
pressure range. Since the pressure shifts were found to be essentially linear over this 
range, a least-squares fit was employed for each set of data using the linear function:
Er(x) (p) = Er(x) (0) + a r(x) p . (3.2)
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where energy E is in eV and pressure p is in kbar. The linear fits to the data points and 
the pressure coefficients obtained from the slopes are shown in Fig. 3.2.
ex)u4>
C
e
.0
wC/J
E
£d
2.2
Alin As 
T=2K
2.1
-0 .14 meV/kbar2.0
1.9
7.8 meV/kbar
-2 .9  meV/kbar
1.8
7.9 meV/kbar1.7
7.3 meV/kbar
1.5
1 0 0
Pressure (kbar)
Fig. 3.2. Photon energy of emissions A, A', B, B' and C as a function of pressure 
for AIq 4 gln0  52As at 2 K. The solid lines are least-squares fits to the data. 
The crossover of the direct-indirect related states occurs at -  52.5 ± 0.5 
kbar.
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The direct-band related emission A of the Al0  4 gln0  5 2 AS shows a linear pressure 
shift of 7.9 ±0.1 meV/kbar over this range, parallel to that of emission B. This linear
pressure coefficient is almost the same as that of bulk InAs of 8  meV/kbar, 3 ' 9  but
significantly lower than that of AlInAs of 10.1 meV/kbar at 80 K . 3 , 7  One possibility 
may be related to the pressure dependence of the donor binding energy. The indirect- 
band related emission A' shifts at a rate of -  2.9 ±0.1 meV/kbar, which is close, but
not equal, to the shift of the X-T indirect-band gap of bulk GaAs ( -  1.8 meV/kbar at 
110 K) . 3 1 0  The emission B' almost does not move with pressure and shifts at a very 
small rate of -  0.14 meV/kbar. The pressure coefficient of the InP emission C seen 
from the substrate is 7.3 ± 0.1 meV/kbar, which compares well with that obtained by 
Menoni et al3 1 1  at 20 K of 7.5 meV/kbar and by Tozer et al at 5 K of 7 meV/kbar. 3 , 1 2
We find that at low temperature (T = 2 K) the direct-indirect related states 
crossover occurs at a pressure of pc = 52.5 ± 0.5 kbar. The PL spectra of 
Al0  4 gln0  52As are characteristic of direct-band related processes for p < 52.5 kbar.
When the pressure p = pc, the T-related and X-related states are located at the same
energy level, the electron wave function of the T-related state will have a significant 
overlap with that of the X-related state. As a result, an additional recombination may 
appear, shown as Ex  in Fig. 3.3.
As the X-related state is pressure shifted below the T-related state, electrons are
readily scattered into the lowest-energy state, resulting in a reduction of the emission 
intensity. Thus the PL spectra are characteristic of indirect-related recombination for p >
52.5 kbar, as is schematically shown in Fig. 3.3. This critical pressure, pc, can be 
expressed as follows:
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pc = { Ex (p = 0) -  Er (p = 0) } /  ( a r  -  a x ), (3.3)
where a r  and a x  are the pressure coefficients of the T- and the X-related states in 
A I q  4 8 In0  52As, respectively, and Ex (p = 0) and E r (p = 0) are the photon energies of 
the transitions from the X- and the T-related states to the T-related states associated to 
the T point of the valence band at atmospheric pressure, respectively.
Ky Kc
so
0
Fig. 3.3. Schematic diagram of the band structure of the III-V compound semi­
conductors with indirect band gapA 1 3
By extrapolating the Ex  line back to atmospheric pressure, as indicated by the
- 66-
Ch. 3 Optical properties of AIq 4gInQ 5 2 ^  under hydrostatic pressures
dashed line in Fig. 3.2, the indirect transition energy at atmospheric pressure is 
deduced to be E x  (p = 0) - 2 . 1  eV. Therefore, the energy difference between the X-like
and T-like states under atmospheric pressure is - 570 meV at low temperature (T =
2K). Considering that at T = 300 K, the energy difference between X- and T-
conduction band minima of AIq 4 gln0  5 2 AS is -  430 meV 3 - 1  and that the temperature
coefficients of X- and T- conduction bands are different, (for example, the temperature
coefficient of energy difference between X- and F- conduction band minima is equal to
-  0.37 meV/K for InP314) our result of -  570 meV at 2 K is very reasonable.
Finally, it should be mentioned that we see no evidence of transitions associated 
with the X-valley when the material is direct. In fact, the change is rather abrupt (see 
Fig. 3.2) as the sample goes from the direct state to the indirect one.
3.3.3. Identification of Low Temperature Emission
Previous studies of luminescence processes in A I q  4 g I n Q  52As have suggested that 
the low-temperature emission is due to band-to-band transitions 3*^  or bound
excitons. 3 - 1 5  Other assignments such as free-to-bound and donor-acceptor-pair (D°,
A°) transitions have also been considered . 3 , 7  The correct assignment of the
AlQ.4 gInQ.5 2 As emission is crucial since an accurate estimate of the lattice matched 
band-gap energy depends on it.
Our investigations involved the low-temperature luminescence in A I q  4 g I n Q  5 2As 
under high pressures. It provides, for the first time, sufficient systematic data to lead to 
definitive conclusions about the nature and the pressure dependence of the low- 
temperature luminescence in this alloy.
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Fig. 3.4. PL spectra of A I q  4gInQ 52As at pressures 47 kbar and 79 kbar at 2 K.
Emission A is direct (47 kbar < pc) and emission A' is indirect (79 kbar > 
pc). The intensity of indirect-related emission A' is comparable to that of 
direct-related emission A.
In Fig. 3.4. we show the PL spectra at 2 K and two different pressures, one having 
a direct-related emission A (47 kbar < pc) and the other one having an indirect-related
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emission A’ (79 kbar > pc). The interesting point to note is that, at low temperature, in 
contrast to the PL intensity behaviour at higher temperatures, the intensity of indirect- 
related emission A’ is comparable to that of direct-related emission A. The reason for 
that is discussed later in this chapter. We believe that peaks A and A' are both due to
donor-acceptor-pair (D°, A0) recombinations, which is consistent with the high
impurity densities in all the A I q  48InQ 52As samples for this work.
The evidence that emissions A and A' in the Al0  4 gln0  52As alloy are due to (D°,
A°) recombinations comes from three sets of experiments: (1) dependence of the
spectra on excitation intensity, (2) temperature dependence, (3) photoluminescence 
excitation. We will discuss the first two in this section and the last in Sec. 3.3.4.
3.3.3.1. Donor-acceptor-pair Emission
As depicted in Fig. 3.5, free electrons can be captured by positively charged 
(ionized) donors. Similarly, free holes can be captured by negative (ionized) acceptors. 
It is usually assumed that since the temperature is low, the electrons and holes will stay 
bound because there is not enough thermal energy to ionize them into the conduction or 
valence bands. However, this assumption is only partially valid, since electrons and 
holes have wave functions that spread out in the crystal away from the impurity atoms. 
Consequently, even though the donors and acceptors are separated from one another, 
there is a non-negligible overlap of wave functions which results in a finite probability 
of recombination of the electron and hole with the generation of a photon (see Fig.
3.5). The emitted photon energy is given by
E(r) = Eg - (E A + ED) + e 2 / e r ,  (3.4)
here Eg is the band-gap energy, EA and Eq are the acceptor and donor binding
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energies, e is dielectric constant and r is the actual separation between acceptor and 
donor.
D +
E c ' / / / / / / / / / / / / / / / / / / / / .
j — Ed
e a  1
Fig. 3.5. Above: schematic representation of the capture of a free electron-and-hole 
pair at ionized donor and acceptor atoms respectively.
Below : subsequent radiative recombination of the trapped particles results 
in donor-acceptor-pair emission. The emitted energy hv decreases with
increasing r due to coulombic interaction. 3 *1 6
Since r is discrete, fine structure can be observed in the luminescence but as the 
donor to acceptor separation increases a continuum of energy states is manifested as 
broad-band emission. In most III-V compounds, only distant pair luminescence is
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observed and since the binding energies of donors and acceptors are small, emission of 
any fine structure is usually precluded, particularly in semiconductor alloys.
The ground state of the donor-acceptor pairs is composed of an ionized donor and
an ionized acceptor state: (D+, A‘). It will be reasonable to assume that the radiative
transition in the recombination process in the pairs occurs between the lowest excited
state and the ground state, i.e. { D(1S), A(1S) } —» { D+, A ' }, where D (IS) denotes
the state of the electron bound to the donor IS level. The photons absorbed in the 
crystal can generate the excited states of the donor-acceptor pair by three types of 
processes: a) direct transition within the donor-acceptor pair, b) excitation via 
conduction electrons, c) band-to-band excitation as schematically shown in Fig.
3 .6 . 3 *1 7
A 1C OMSINATIOMRECOM BINATION
OONOR
LEVEL
EXCITATION
P><2 ) /
RE C O M B IN A TIO N
A C C E P T O R  LEVEL
A
( » )  ( b )  ( c )
Fig. 3.6. Excitation processes for the (D°, A°) in semiconductors: 3 * 1 7
a) Transition within the pair,
b) bound-to-free transition,
c) band-to-band transitions.
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3.3.3.2 . Dependence on Excitation Intensity
A simple theoretical analysis shows that the PL integrated intensity PL (I) varies 
with incident excitation intensity P ^  according to the relationship3 * 1 8
PL (I) = C Pms , (3.5)
where C is a constant and it is assumed that no saturation occurs. The exponent s 
depends on the mechanism of recombination: for weak excitation the (D°, A°)
transition has s = l . 3 *1 9  Since the formation of excitons is proportional to the product
of the two photocreated populations in the bands, the exciton emission intensity should 
increase quadratically with excitation density. When s > 1, it indicates a transition that 
is free-carrier-associated such as free-to-bound or band-to-band.
Fig. 3.7 shows the excitation dependence of the integrated photoluminescence 
intensity of AIq 4gInQ 52As at T = 2 K for different pressures. The exponent s in 
equation (3.5) is also indicated. The direct-related emissions, at p = 10 and 47 kbar, 
have an excitation intensity dependence with s = 0 . 9 3  and 1.07, respectively, which are 
slightly less and larger than unity. However, the indirect-related emissions, at p = 79 
and 92 kbar, have s = 0.82 and 0.77, respectively, which are significantly less than 
those for the direct-related transitions. It is because there is higher probability of non-
radiative recombinations in the X-valley and a slower t ^ .
The exponent s depends on the temperature for different emission mechanisms. In 
Fig. 3.8 we can see that when the temperature raises only - 38 K, the s value 
drastically increases from 1.07 (2 K) to 1.33 (40 K) at the same pressure 47 kbar. This
indicates that the emission at 40 K is free-carrier-associated such as (e, A°). Because of
s 1  and s < 1  at low temperature over the pressure range of 1  bar - 92 kbar in both 
direct- and indirect-related transitions, we suggest that the low-temperature emission of
- 72-
Ch. 3 Optical properties of AlQ(4gIH() 52AS under hydrostatic pressures
A10.48In0.52A s is not free-carrier-associated since s  > 1 for them, but due to (D °, A°) 
recombination.
AlInAs
T=2K
n lOkbar 
0  47kbar
S -1 .0 7
3  10^r A 79kbar
A 92kbar
S -  0.93
S -  0.82
S -  0.77
1 0 - 2  1 0 -I  100 101
Excitation Power (mW)
Fig. 3.7. Dependence of the integrated emission intensity of Al0  4ghio.52^s uPon 
excitation intensity at 2 K. The exponent s - 1 for direct-related emissions, 
at p = 10 and 47 kbar. However, the exponent s < 1  for indirect-related 
emissions, at p = 79 and 92 kbar.
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Fig. 3.8. Dependence of the integrated emission intensity upon excitation intensity at p 
= 47 kbar. The exponent s increases from 1.07 at 2 K to 1.33 at 40 K 
indicating that at 40 K the emission is associated with free carrier.
One of the characteristics of the (D°, A°) transition is that the more distant pairs
saturate with increasing excitation intensity. For pairs with large separations, the 
overlap between the wave functions of the trapped holes and electrons will be very 
small and as a result the radiative lifetime will be long. Consequently, the distant pairs 
may become saturated, and the extra holes and electrons will be forced to find the less 
likely, more closely spaced pairs. This effectively increases the importance of shorter r
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transitions and results in a shift of the emission peak towards higher energy as can be 
seen from Eq. (3.4). We have observed precisely such shifts of the emission at all the 
pressures studied here.
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Fig. 3.9.(a). Shifts in the emission peaks of AIq 4 gln0  52As to higher energies as the 
excitation power is increased for the direct-related emission at p = 1 0  
kbar.
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Fig. 3.9 (a) and Fig. 3.9 (b) show the emission shifts to higher energies for
sample MV402 at pressures p = 10 and 79 kbar, respectively. The (D°, A0) transition
moves to higher energies as the excitation power is increased for the direct-band gap 
(Fig. 3.9 (a), p = 10 kbar) and the indirect-band gap (Fig. 3.9 (b), p = 79 kbar).
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Fig. 3.9.(b). Shifts in the emission peaks of Al0  4 gln0  52As to higher energies as the 
excitation power is increased for indirect emission (p = 79 kbar).
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Another characteristic of the (D°, A°) spectra is that the (D°, A0) emission intensity
is expected to saturate with increasing excitation intensity above a certain intensity. 
Since a limited number of impurities exist within a semiconductor, as the excitation 
intensity is increased the observed emission intensity should saturate when the photon 
flux approaches the donor/acceptor density. We have observed a tendency towards this 
behaviour in our A I q  4 gln0  52As sample MV402 (see Fig. 3.7) when the excitation
power approaches - 200 mW: the (D°, A0) emission intensity shows the expected
bowing in the curves of p = 10 and 47 kbar. This suggests that the saturation starts at ~ 
200 mW.
Finally, it should be mentioned that the shift of the emission to higher energy with
increasing excitation power is consistent with (D°, A°) recombination. However, the
same behaviour is expected for localized transitions, as the localized centres are 
saturated at higher laser power. Therefore, we further studied the temperature 
dependence of the PL spectra of A I q  4 gln0  5 2 As.
3.3.3.3. Temperature Dependence
We have studied the PL spectra of the A I q  48InQ 52As as a function of temperature 
between 2 and 120 K. Two features of the data are of interest and are discussed below.
Fig. 3.10 shows the temperature dependence of the direct-related emission of 
Al0  4 8Ino 5 2 As at 47 kbar (p < p c). At 2 K two main emissions are observed one (A) 
peaking at 650 nm and the other (C), a very broad band emission, peaking at 6 8 6  nm. 
They were assigned to the AIq 4 gln0  52As epitaxial layer and the InP substrate, respec­
tively. The InP substrate luminescence corresponds to the free-to-bound transition (e,
A0) and the A l0 4 8 InQ52As emission is identified as due to donor-acceptor-pair 
recombination (D°, A0) .
- 77 -
Ch. 3 Optical properties of AIq 4gInQ 5 2 ^  under hydrostatic pressures
Energy (eV)
2.2 2.0 1.8 1.6
Alin A 
47 kbar
X 50
3
d
127 K
Ui
0 )c
0 )
c
X 20
92 K
Co
</)(/)
E
LU
X 5 40 K
2 K
800700600
Wavelength (nm)
Fig. 3.10. Temperature dependence of the Al0  4 gln0  5 2 As emission A at 47 kbar (p < 
pc). With increasing temperature, the intensity of peak A decreases 
rapidly. At -100 K, peak A quenches completely.
With increasing temperature to 40 K, both emissions become weaker and shift 
towards lower energies because of a reduction in the band gap. Increasing the tempe­
rature also increases the relative intensity of the (e, A0) transition over the (D°, A0) 
since the free carrier population is increased and the number of donors available is
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reduced by thermal ionization. At T - 92 K, peak A (due to donor-acceptor pairs) 
becomes very weak. With further increasing temperature, peak A completely
disappears. This behaviour is characteristic of (D°, A°) recombination^ ^  and comes
about due to the thermal ionization of the shallower impurity. However, if peak A is 
free-camer-associated, it should not disappear at higher temperatures. Furthermore, if it 
is due to localized transitions, it should get stronger with temperature because localized 
electrons will be delocalized gradually. These further confirm the identification of the
low-temperature emission of AIq 4 gIn0  52As as (D°, A0) recombination.
It is instructive to follow the variation of the A I q  4 gln0  5 2 AS emission with tem­
perature in the indirect-related transition regime (p > pc). In Fig. 3.11 we show the 
temperature variation of the luminescence under p = 92 kar. At T = 2 K, we see the 
narrow emission peak A' and the broad emission peak B*. Emission B' is probably 
from a DX-like centre since it is insensitive to increasing pressure when p > pc. Peak
A' corresponds to (D°, A°) recombination in A I q  4 gln0  5 2 As as discussed earlier. As
the temperature is increased only to 24 K, peak A* becomes unobservable. Comparing
Fig. 3.11 with Fig. 3.10, we can see that the (D°, A°) emission in the indirect-band
gap is much more dependent on the temperature than that in the direct-band gap.
This temperature behaviour is characteristic of (D°, A°) recombination in an
indirect-band transition: For an indirect-gap semiconductor, the intrinsic recombination 
probability of the electrons and holes is low, because of the restriction on the crystal 
momentum. However, the recombination of the electrons and holes can be greatly 
enhanced by addition of impurities which interact strongly with free carriers, enabling 
crystal momentum to be conserved through an impurity-carrier interaction. Thus we can 
think of the impurity inducing an efficient luminescence. With increasing temperature to 
24 K, the intensity of emission A drastically decreases, which is related to the fact that 
trapped electrons and holes have an appreciable probability of being thermally released
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from acceptors and donors at higher temperatures combined with the relatively low 
transition probabilities of donor-acceptor-pairs. For instance, at 4 K, the efficiency
of the (D°, A°) transition in GaP is close to 100 %. However, at room temperature
(300 K) the quantum efficiency is less than 0.01 %.3d3
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Fig. 3.11. Temperature dependence of the A I q  48InQ 5 2 AS emission A' at 92 kbar (p > 
pc). As the temperature is increased only to 24 K, peak A' becomes 
unobservable.
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Moreover, the (D°, A°) recombination mechanism can well explain the experi­
mental results as shown in Fig.3.4: why the emission intensity of the low-temperature 
PL spectra of A I q  4 gln0  5 2As does not decrease rapidly when the emission is changed 
from the direct-related transition to the indirect-related one by applying high pressure at 
low temperature. It is just because such an impurity-induced emission produces 
efficient light generation in the indirect-gap case at low temperature. The recombination 
mechanism involving simple donors and acceptors can be very efficient at low 
temperature, though they do not produce efficient light emission at higher temperature.
Therefore, as mentioned above, the observed temperature dependence of the direct- 
related and the indirect-related emission spectra can be very well explained by the (D°,
A°) recombination, but not by free-carrier-associated or localized transitions.
3.3.4. Photoluminescence Excitation
The use of photoluminescence excitation (PLE) is most powerful for (D°, A°)
transitions in which unresolved emission can then potentially show the fine structure 
described by equation (3.4). In this work we have examined the PLE spectra of donor-
acceptor pairs (D°, A°) in AIq 4 gln0  52As under both pressures p < pc and p > pc and 
found two excitation processes for the (D°, A°):
(1) the excitation of an electron to the conduction band, leaving a hole in the IS 
state of the acceptor, i.e., (D+, A') {D+, A(1S)} + e;
(2 ) the band-to-band excitation, free holes and electrons are created when the inci­
dent photon energy is greater than the band-gap energy. Such electrons and 
holes are eventually trapped by the donors and acceptors, respectively, and
produce the neutral donor-acceptor pairs (D°, A °).
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In Fig. 3.12 we show the PLE spectrum at 45 kbar (p < pc), compared to the PL 
spectrum taken at the same pressure. The emission peaking at 1.8902 ± 0.0002 eV is
due to (D°, A°) recombination, and the transition peaking at 1.9636 ± 0.0002 eV is the
band-to-band which gives the band gap Eg. The emission peaking at - 20 meV lower 
than Eg is probably due to bound excitons. A large shift of -  73 ± 0.2 meV between the 
PL and the PLE spectra can be observed. The threshold energy is 1.896 ± 0.0002 eV. 
The large shift of - 73 meV between the PL and the PLE spectra virtually rules out the 
emission peaking at - 1.8902 eV being due to bound excitons.
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Fig. 3.12. At 2 K, the PL and PLE spectra of A I q  4gInQ 52As under 45 kbar (p < pc) .
The emission peaking at - 1.8902 eV is due to (D°, A°) recombination,
and the band-to-band transition peaking at ~ 1.9636 eV gives band gap Eg 
at this pressure. The large shift of - 73 meV between the PL and the PLE 
spectra can be observed. The threshold energy is - 1.896 eV.
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The PLE spectrum shows a broad excitation band peaking at - 1.9636 eV. This 
excitation process is (D+, A') —> {D+, A(1S)} + e, which satisfies the following 
condition:
Eg -  EA + e2  /  e r < h coe, (3.6)
where Eg is the band gap, E A is the acceptor binding energy and hcoe is a given photon 
energy. Here we assume that e a  > e d . Hence, from equation (3.6) the threshold 
energy of the observed broad excitation band for the very distant pairs (r —» °°) 
corresponds to the energy difference between the bottom of the conduction band and 
the acceptor ground state Eg -  EA and can be ascribed to (e, A0) transition. Therefore 
Ea can be estimated if Eg is known.
In Fig. 3.12 the PLE spectrum shows that the band-to-band transition occurs at 
1.9636 ± 0.0002 eV at 45 kbar. The emission threshold of 1.896 ± 0.0002 eV was
obtained by extrapolating the curve to zero as previously done by Nakashima et al. 3 *1 7
Then the acceptor binding energy EA is found to be - 67.6 meV. This implies that the
emission from our AIq 48InQ 52As sample is due to “deep” (D°, A°) transitions. This
has important implications when estimating Eg from PL spectra and for the magnitude 
of confinement calculated in superlattice structures.
Because at 45 kbar the acceptor binding energy EA and the energy difference
between the band gap Eg and the (D°, A°) emission are -  67.6 meV and - 73.4 meV,
respectively, the donor binding energy Ep is - 5.8 meV. Considering that the donor 
binding energy in the hydrogenic model is given by:
Ed = 13.6 (1 /  e) 2  (me* /  m0) (eV). (3.7)
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where e is the dielectric constant, mQ is the electron mass, me* is the effective mass of
the electrons in the V-valley. For A1q 4 gln0  5 2 As, m e* and e are 0.0755 mQ and 12.7,
respectively. Substituting them into equation (3.7), we get ED - 6.4 meV. Therefore, 
our experimental result (5.8 meV) is compared to the calculated one (6.4 meV).
It is worth noticing that: because emission B and the (D°, A0) emission A have
almost the same pressure coefficients (see Fig. 3.2), the energy difference between 
these two emission bands is about constant -  70 meV with increasing pressure. This 
suggests that emission B is very near the band edge in energy (~ 3 meV) for p < p c. 
Hence, it is reasonable to assume that the pressure dependence of emission B 
approximately represents that of the direct-band gap. One significant observation is that
within experimental uncertainty the donor-acceptor-pair (D°, A0) band exhibits the
same pressure dependence as the direct-band gap for p < pc.
Considering that the acceptor binding energy does not vary relative to the valence 
band under pressure, 3 , 2 2  we get the simple results that the donor level associated with 
the (D°, A0) emission is quite rigidly attached to the conduction band in this
AIq 4 gln0  5 2 As alloy system and the variation in the donor binding energy with the 
pressure seems to be minor in the p < pc region within experimental uncertainty. Our 
result does not suggest that the relative increase in the effective mass, m*, is
approximately proportional to the relative increase in the direct-band gap Eg . 3 , 3  This 
observation is analogous to that reported by Onton et al . 3  2 3  They found that the (D°, 
A°) band follows the same alloy composition dependence as the band gap.
Fig. 3.13 shows the PLE and PL spectra at 59 kbar (p > pc). The band-to-band 
transition peaking at 2.0114 ± 0.0002 eV and the (D°, A0) emission peaking at 1.9375
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± 0.0002 eV were observed in this indirect transition as those in the direct transition. 
The emission peaking at 1.9904 ± 0.0002 eV is probably due to bound excitons. 
However, it is some what surprising that the energy shift, - 74 meV, between the PLE 
and the PL spectra in this indirect case is almost the same as that in the direct one of ~ 
73 meV (see Fig. 3.12). The PLE spectrum is found to shift rigidly with the pressure.
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Fig. 3.13. At 2 K, photoluminescence (D°, A°) and PLE of Al0  4gInQ 52As under 59 
kbar (p > pc). The emission peaking at 1.9375 ± 0.0002 eV is due to (D°,
A°) recombination, the peak at 1.8859 ± 0.0002 eV is from InP substrate.
The band-to-band transition peaking at 2.0114 ± 0.0002 eV is the band 
gap Eg. The emission peaking at 1.9904 ± 0.0002 eV is probably due to 
bound excitons. The shift between the PL and the PLE spectra is - 74 
meV.
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Because the effective mass of electrons related to the X-valley is generally larger 
than that in the T-valley, the donors associated with the X-valley should be deeper than
those associated with the T-valley. Thus, at direct-indirect crossover an abrupt change
should occur in the binding energy of the donor participating in (D°, A°)
transitions . 3 -2 4  Considering that the direct or indirect nature of the (D°, A°)
recombination involves only the nature of the donor, therefore, the separation between 
the PL and the PLE spectra should increase abruptly as the material becomes indirect. If 
considering that the binding energy of the donors are - 5 and ~ 50 meV, respectively, 
for the direct- and the indirect-band gaps, we should observe an increase of ~ 45 meV 
in the shift between the PLE and the PL spectra. However, it is in contrast to our 
observations. Our results indicate that the variation of the donor binding energy in 
going from a direct- to an indirect-conduction band is not noticeable. We therefore 
suggest that the hydrogen-atom model may need modification to the donor energies in
^ 10.48In0.52A s-
3.4. Summary
Until this work was completed no detailed studies of the low-temperature lumines­
cence of AIq 4gIiiQ 5 2 As under high pressures were available to the best of our know­
ledge. We investigated the low-temperature PL and PLE spectra characteristics of 
Al0  4 8 In0  5 2 As under high pressure from 1 bar up to 92 kbar.
At low temperature, the main change in the appearance of the spectrum, as the 
sample goes from a direct gap to an indirect gap, is the abrupt variations of the pressure 
coefficients at -  52.5 ± 0.5 kbar. However, the emission intensity does not change
drastically. The linear pressure coefficient a r  of the (D°, A0) band related to the T
minimum in the conduction band of AlQ4 8 In052As was found to be 7.9 ± 0 . 1
meV/kbar, which is almost the same as that of bulk InAs ( 8  meV/kbar) , 3 *9  but
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significantly lower than that of A1q 4glng 5 2As at higher temperature . 3  ^ The linear 
pressure coefficient of the (D°, A°) band related to the X minimum in the 
conduction band was found to be ~ 2.9 meV/kbar, which is close, but not equal to that 
of bulk GaAs (- 1.8 meV/kbar at 110 K).31®
We observed the band-to-band and the bound-to-free transitions in the PLE spectra 
and found a large shift between the PL and the PLE spectra, - 74 meV By investigating 
the temperature and excitation-power dependences of the PL spectra together with the 
PLE spectra, we suggested that the low-temperature emission of the A1q 5 2 As *s 
not from bound exciton, free-carrier-associated and localized transitions, but due to
(D°, A°) transition with a relatively deep acceptor of ~ 6 8  meV in both the direct- and
the indirect-related bands. The transition of the (D°, A°) band from a direct-pair band
to an indirect one (i.e., a pair band that follows the indirect-conduction band) occurs 
abruptly within the resolution of the present data. In the intermediate range 50 kbar < p
< 55 kbar, direct (D°, A0) recombination occurs together with indirect pair
recombination.
We also found that the emission intensity of the indirect (D°, A°) transition is more
dependent on the temperature than that of the direct (D°, A°) transition in this
^0.42^n0.52^s sample, in agreement with previous (D°, A°) studies in indirect gap III- 
V semiconductors.
Finally, we suggest that the shallow donor ground states associated with the X- and
the F-conduction bands seem to be tied quite rigidly to these conduction bands since
variations in the donor binding energies with the pressure and the direct-indirect 
crossover seemed to be minor.
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4.1. Introduction
In 1970 Esaki and Tsu4 1  first proposed fabricating superlattices (SLs) from alter­
nating layers of semiconducting materials. Since then a variaty of SLs have been 
grown 4  2  Because of their technological importance and scientific interest, SLs have 
been widely investigated both experimentally and theoretically.
Although early work focused on lattice-matched QWs and SLs, recent studies have 
begun to explore the possibilities offered by the large number of lattice-mismatched
superlattice systems that are available . 4 - 3  These kinds of superlattices are called 
strained-layer superlattices (SLS), such as GaP/GaAsP and the GeSi/Si SLS.4-4, 4 , 5
The flexibility in the choice of SLS layer materials and the interesting effects of the 
large elastic layer strains allow SLS materials to exhibit a wide range of tailorable 
properties which are of interest for scientific and device purposes.
Fig. 4.1 shows the schematic of an SLS. In SLS materials the individual layers are 
under tensile or compressive strain, depending upon the relative size of the lattice 
constants of the layers. The accumulation of elastic energy in the layers with increasing 
thickness will eventually result in lattice relaxation, which leads to interface-misfit
dislocations. 4 , 6  For most device applications, it is important that these lattice-
mismatched layers are coherently strained, i.e., pseudomorphic with respect to each
other. 4 - 7  Modem crystal-growth techniques have made it possible to grow high quality
strained layers , 4 - 8  which are thin enough so that the mismatch is totally accommodated 
by built-in coherent strains rather than by misfit dislocations.
One particular case of interest is the GaAs/GaP superlattice. This system is similar 
to GaAs/AlAs (both AlAs and GaP are indirect gap materials). The principal difference
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between both systems is the strain present in the former case because of the much larger 
lattice mismatch between GaAs and GaP. Therefore, GaAs/GaP is a SLS. Strain 
distribution in the constituent layers depends on the respective layer thickness. This 
results, together with the variation in the magnitude of the confinement due to the 
different thicknesses of the GaAs and GaP layers, in a very large diference in band 
structure from one sample to another.
STRAINED-LAYER SUPERLATTICE
(SLS)
Thin,  m i s m a t c h e d  
l a y e r s
J Superlattice: mismatch 
accommodated by 
strain
Graded layer
Substrate
Fig. 4.1. Schematic of an SLS.
In addition, we can think that, for certain layer thicknesses and strain levels, the 
lowest confined electron state of this system may come from the X minimum of GaP, 
therefore, electrons will be confined in the GaP layers and holes in the GaAs layers,
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which results in indirect (type-II) transitions in real space. On the other hand, electrons 
and holes at their lowest energy level may be all located in the GaAs layers, which 
gives rise to direct (type-I) transitions. For this kind of SLS, the combination of an 
emission-related technique and an absorption-related technique is required in order to 
identify the origin of the observed transitions. The reason is that, in these type-II SLs, 
two different kinds of transitions are observed. The lowest energy transition, which is 
the spatially indirect one (its oscillator strength is very small due to the small 
overlapping of the electron and hole wave functions), is observed by means of the 
emission-related technique, while the lowest direct transitions are observed with the 
absorption-related technique.
GaAs/GaP strained-layer superlattices are the limit case, with x = 1 and thus 
maximum lattice mismatch, for the system GaP/GaAsxP l x . Optical studies of this kind 
of highly strained-layer GaAs/GaP superlattices grown on GaAs substrates have been
previously reported . 4 4 , 1 0  In this work, we investigated the optical properties of a
type-II GaAs/GaP strained-layer superlattice grown by atomic layer molecular-beam 
epitaxy (ALMBE) on GaAs substrate. Photoluminescence (PL) and photoluminescence 
excitation (PLE) measurements were carried out. By combining these two techniques 
and the PL evolution as a function of temperature and excitation power, we attempted to 
identify the origin of the observed transitions.
4.2. Energy Band Structure of GaAs/GaP SLS
In principle, the electronic structure of GaAs/GaP SLS should be similar to that of 
GaAs/AlAs ones, because both of them are constituted by one indirect larger-gap and 
one direct smaller-gap material. However, strain, as a new parameter appearing in these 
SLSs, will modify substantially the optical properties and band structure. In Fig. 4.2 a 
schematic description of the effects of the stress in the two constituent bulk materials is 
presented . 4 1 0
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Fig. 4.2. Schematic band diagram of strained and unstrained bulk GaAs and bulk GaP. 
Arrows indicate the type-I and type-II transitions. 4 - 1 0
In an unstrained zinc-blende semiconductor material, at the V point the valence-band
states are comprised of a fourfold P 3 / 2  multiplet (J = 3/2, rrij = ± 3/2, ±1/2) and a P y 2 
doublet (J = 1/2, mj = ± 1/2). Because the lattice constants of GaAs and GaP are 
0.5653 nm and 0.5451 nm, respectively, the lattice parameter mismatch can induce 
biaxial stresses that can be resolved into two parts:
i) a hydrostatic pressure component, which increases or decreases the band gap 
for compression or extension, respectively;
ii) a shear strain component, which removes the valence band degeneracy at k = 
0  by including a split in the heavy and light hole energy states.
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The application of a biaxial stress shifts P 3 / ,2  and P Xj2 in energy with respect to the 
conduction band, splits the P3 / 2  multiplet in two doublets (J = 3/2, mj = ± 3/2 and J = 
3/2, mj = ± 1/2), and couples light-hole and split-off bands. Strain effects in the X- 
states have to be taken into account for the type-II SLS. Under a biaxial stress in the 
(001) plane the degeneracy of the three equivalent X-minima in the [001], [010], and 
[1 0 0 ] directions is lifted and the band is shifted as a whole.
The GaP X-level lies at lower energy than the GaAs X point. Therefore, the GaP 
layers will be a well for X-type states and the GaAs layers will be a well for T-type 
states. Because the strain levels depend on the relative and absolute thicknesses of 
GaAs and GaP layers, the lowest exciton state can originate either from T electron 
states of GaAs wells or from X-point electron states of GaP barriers.
Hence, one may expect that for certain values of period, composition and strain 
level, these SLS will be type-I (lowest gap is spatially direct with electrons and holes at
T-point in GaAs layers), and those for other values will be type-II (lowest gap spatially
indirect with electrons confined in GaP layers at states coming from the folding of the
bulk X-states and holes at T-point in GaAs layers).
Due to the anisotropy of the X-minima in GaP, two different subbands are obtained 
for the lowest GaP conduction-band states. In structures grown in the [001] direction, 
the heavy longitudinal mass mj is the quantization mass for the minima aligned along 
this growth direction (Xz), whereas the light transversal mass mt is the quantization 
mass for the Xx- and Xy- minima aligned along the [100] and [010] directions, 
respectively. Thus the lowest confined X sublevel located in the GaP layer should be an
Xz-state. Because of the mixing of Xz-states with T-states by the SL potential the quasi-
direct transition without the participation of momentum-conserving phonons becomes
partially allowed for Xz excitons.411* 4 , 1 2
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The coupling between bands related to two different points in the Brillouin zone can 
be experimentally studied using optical spectroscopy. Optical studies are interesting 
because for indirect superlattices the transitions are not only indirect in momentum
space (k-space, T-X transitions) but also in real space. The lowest-energy band gap of
these type-II superlattices is determined by transitions involving the spatially separated
r  valence band states of the GaAs and the confined X-conduction band states of the
GaP, as schematically depicted in Figure 4.2. The respective oscillator strengths of
these T-X or type-II transitions, however, are very small compared to those of the
direct T-T or type-I transitions at higher energy because they are indirect in real and k- 
space.
4.3. Experimental Details
4.3.1. Samples
The samples used in this work are (GaAs)6 /(GaP)n (n = 2, 4, 6 ) strained-layer 
superlattices grown on n-doped (001) GaAs substrate by atomic layer molecular beam
epitaxy (ALMBE)4-1^  at the National Centre for Micro-electronics at Madrid, Spain.
The substrate temperature was 425 °C. X-ray diffraction and Auger electron
spectroscopy measurements provided structural characterization of the samples. Raman 
scattering gave the strain level accommodated in the GaAs and GaP layers. Table 4.1 
shows the parameters of the samples, here d GaAs and dGaP are the slab thicknesses,
eGaAs eGaP llle strains accommodated in the GaAs and GaP layers, respectively.
The total thickness of the samples is - 0.4 pm . 4 - 1 0  Because (GaAs)6 /(GaP)n (n = 2,4)
showed optical emissions only from bulk GaAs and bulk GaP, othet than from SL 
stuctures, we mainly studied sample (GaAs)^/(GaP)^. The schematic diagram of 
(GaAs)/(GaP) is plotted in Fig. 4.3.
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Table 4.1 Sample parameters.
Sample Period (A) ^GaAs ^GaP ^GaAs eGaP
(GaAs)6 /(GaP) 2 22.3 16.7 5.6 0 3.7
(GaAs)6 /(GaP) 4 27.2 16.2 1 1 . 0 0.7 3.0
(GaAs)6 /(GaP) 6 32.4 18.4 14.0 1.4 2.3
| A a / a = 3.7 %
- GaAs .
0
a = 5.653 A
- GaP —► a = 5.451 A
- GaAs com pression
- GaP exten sion
Fig. 4.3. Schematic diagram of (GaAs)6 /(GaP)6.
4.3.2 Experim ents
The sample was characterized by PL and PLE. For PL measurements, the sample 
was placed in a variable-temperature cryostat cooled by liquid helium, using as an 
excitation beam the 488.0 nm line of an Argon ion laser. Emitted light was analyzed 
with a lm  double monochromator and a cooled GaAs photomultiplier, coupled to a 
photon-counting system. PLE measurements were obtained at 75 K using a dye DCM: 
610 -720 nm in the dye laser pumped by the Argon ion laser.
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4 .4 .  Optical Properties of GaAs/GaP
4.4.1. PL and PLE Spectra of GaAs/GaP
Fig. 4.4 shows the PL spectrum of sample (GaAs) 6 /(GaP ) 6  and the corresponding 
PLE spectrum at the same excitation power and temperature of 75 K. The detector for 
the PLE spectrum was set at the energy of peak A.
B (1.8102)75K
(1.7664) A6
(1.8195) hh
<n 
C <u
C*■4
c
*c75C/i
i
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PL v (1.8591) lhPLE
640740 680 660720 700
W avelength  (nm)
Fig. 4.4. The PL spectrum of sample (GaAs)6 /(GaP) 6  and the corresponding PLE 
spectrum at 75 K. The PLE spectrum was detected at the energy of peak A 
and shows the direct transition which coincides with the higher energy peak 
B. The numbers in brackets are the energy peak positions in eV
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In the PL spectrum, two peaks A (1.7664 eV) and B (1.8102 eV) are observed at 
75 K. Their line widths have an inhomogeneous nature and most likely result from 
layer thickness fluctuations. As a result, localization of excitons or carriers can be 
expected for this short-period SLS at low temperatures. The localization of excitons is 
confirmed by the temperature dependence of the line shift discussed later in Section
4.4.3.
The PLE spectrum detected at the energy of peak A shows a sharp increase at 
higher energy with a maximum at - 1.8195 eV We can assign the sharp increase in
PLE to the onset of the allowed transition into the T-electron state of the SLS. The PLE
spectrum shows the direct transitions involving T-electrons and holes and reveals the n
= 1 heavy- and light-hole excitons at -1.82 and -1.86 eV, respectively. The main 
emission B (1.8102 eV) in the PL is Stokes-shifted by - 9 meV with respect to the
sharp peak (1.8195 eV) in the PLE and can be attributed to the T-related transition.
Such an interpretation of the emission spectrum is confirmed by the study of the 
excitation power and temperature dependences of luminescence, which will be 
presented later in Sections 4.4.2 and 4.4.3, respectively.
After photoexcitation of electrons and holes in the T-related conduction- and
valence-band states, some electrons relax down to the lowest confined T-state of the
GaAs layer. Recombination with heavy holes leads to the broad type-I luminescence 
peak B in Figure 4.4. Since this transition has a large oscillator strength it is dominant
in the absorption spectrum and is visible in emission even though the conduction T- 
subband in GaAs is only weakly populated with photocreated carriers. 4 - 1 4
However, some of the photocreated hot T-electrons may also scatter to the X-
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related states before they relax down to the lowest confined T-state. This competing 
relaxation channel becomes important if the T-X transfer rate and the intravalley 
relaxation rate are comparable . 4 , 1 5  In Fig. 4.4 the luminescence peak A at lower
energy corresponds to indirect T-X transition. This indirect transition is not observable
in the quasi-absorption (excitation) experiment because of the weak oscillator strength, 
but it is detectable in emission since the X-subband in GaP is the lowest energy state 
and thereby mostly populated under optical excitation. The energy distance between the
T-related states in GaAs layers and the X-related states in GaP layers is - 44 meV. 
Therefore, (GaAs)6 /(GaP) 6  is a type-II SLS.
We would like to point out that the strength of the indirect type-II luminescence 
compared to the direct type-I luminescence provides strong evidence for an efficient
spatial transfer of electrons from the T-related states in the GaAs layer to the X-related
states in the GaP layers. A remarkable feature of the luminescence spectra is their 
evolution with the excitation intensity and temperature. In the following, we focus on 
the experimental investigation of this feature.
4.4.2. Excitation Power Dependence
Figure 4.5 shows the evolution of the PL spectrum with increasing excitation 
power at constant temperature 75 K from the type-II (GaAs)6 /(GaP ) 6  strained-layer
superlattice. The high-energy luminescence peak B represents the T-T transition and the
low-energy peak A is the X-T transition. The relative intensity of the two peaks
depends on the temperature and excitation power. At low excitation power, peaks A and 
B have about the same emission intensity. However, with increasing excitation power 
the emission intensity of peak B becomes stronger. When the power is high enough, 
peak A saturates and only peak B is observed.
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This excitation power dependence of the PL spectra can be adequately explained by 
considering saturation of the X-state. In the type-II SLS system, the T-electron state in 
the GaAs layers has higher energy than the X-electron state in the GaP layers, so that 
the T-electrons in the GaAs are scattered to the X-electron states across the interface. 
Real-space charge transfer takes place in the ultrafast, subpicosecond or picosecond 
time domain depending on the penetration depth of the T-electron wavefunction into the
barrier layers . 4 1 6
75K
3
5P
c
2P
700 720 740660 680
Wavelength (nm)
Fig. 4.5. Photoluminescence spectra from the superlattice of (GaAs)6 /(GaP) 6  at 
constant temperature 75 K, for three different excitation levels. The high-
energy peak B represents the T-T transition and the low-energy peak A the 
X-T transition.
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The scattered X electrons in the GaP layers recombine with the T heavy holes in the 
GaAs layers. The lifetime of the indirect emission ranges from submicrosecond to 
millisecond depending on the degree of the T-X mixing, bath temperature and sample
quality.417"4*1 ^  On the other hand, the T-T luminescence lifetime is comparable to the 
T-X scattering time.416, 4-^
Therefore, after a considerable amount of real-space charge transfer takes place, 
some electrons distribute themselves in the GaP layers and holes in the GaAs layers.
Because the lifetime of the T-T luminescence is much shorter than that of the X-T 
luminescence, the X-T luminescence is saturated and the T-F luminescence increases 
above certain excitation power. In this case, the T-T recombination is the main 
relaxation process of the photo-excited carriers and the lifetime of the T-T recombi­
nation increases. The saturation of the X-T luminescence intensity suggests that an 
upper limit of the carrier density at the X-point exists.
4.4.3. Tem perature Dependence
Now we consider the effect of temperature variation upon the PL intensity in this 
type-II SLS. In Figure 4.6, we present the evolution of the PL spectra with tem­
perature at a constant excitation power for the same sample used in Figure 4.5. In the 
PL spectra of the type-II (GaAs)6/(GaP)6 SLS, the higher energy peak B is assigned to 
the type-I recombination because the peak energy is very close to that of the main PLE 
peak at 75 K (Figure 4.4), while the lower energy peak A corresponds to the type-II 
recombination.
As shown in Figure 4.6, at 4 K only peak B is clearly observed and peak A is
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almost unobservable. However, when we increase the temperature up to ~ 50 K, peak 
A becomes distinguishable on the low energy side of peak B. If the temperature is 
raised further, the two peaks become almost equally intense, and at 100 jC the low- 
energy peak A dominates.
100K
3
75K
50K
4K
660 680 700 720 740
Wavelength (nm)
Fig. 4.6. PL spectra from the superlattice of (GaAs)6/(GaP)6 under a constant excita­
tion power and four different temperatures. The higher energy peak B
represents the T-T transition and the lower energy peak A the X-T transition.
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In Fig. 4.6, it is also clear that the energy of peak B decreases with increasing 
temperature, which follows the normal temperature shift of the band gap. However, the 
energy of peak A shifts only slightly with increasing temperature, and only at tempe­
ratures higher than 75 K follows the expected temperature dependence of the band gap. 
The anomalous temperature shift of the X-related emission indicates that the X excitons
are localized at low temperature.4,21 Furthermore, the increase of emission intensity of
peak A with the increase of the temperature reflects the thermal delocalization of X-
states 4,22
From Fig. 4.6 we find that the ratio of the integrated type-I-PL intensity I(r-r) to 
the type-II-PL one I(r-X) decreases with increasing temperature. This temperature 
dependence of the PL intensity from this type-II SLS is opposite to that observed by
other researchers. For example, Recio et al (1990)4,10 reported that for the type-II
GaAs/GaP strained-layer superlattices the type-II transition is dominant below - 100 K, 
but the type-I transition becomes dominant when the temperature raises to - 130 K. 
Accordingly, the value of I(r-r)] / [I(r-X) would increase with temperature. The 
assignment of their PL peaks was aided by photoreflectance and calculations. Similar
results have also been reported for the unstrained type-II GaAs/AlAs superlattices 4,23
Nakayama et al (1990)4,23 assumed that the temperature dependence of the emission 
intensity followed the relation:
I (r-r) / 1 (r-x) «  exp (- EykBT), (4.1)
where ET is the characteristic energy of the temperature dependence and k B is the 
Boltzmann’s constant. They explained that the temperature dependence resulted from
the population increase of the T-electrons in GaAs layers with raising the temperature
because of the thermal distribution.
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We now discuss the temperature dependence of the PL intensity from this type-II 
(GaAs)6/(GaP)6 SLS. In order to find an explanation for the observed decrease of the 
value of I ( r - r )  / I (r-X) with increasing temperature, we discuss in the following 
different mechanisms with regard to their temperature dependence.
The type-I and type-II PL intensities are functions of the carrier concentrations and 
the radiative recombination rate. Therefore, the T-X luminescence intensity I (r-X) is 
simply related to the concentration (nx) of photocreated carriers (electrons accumulated 
in the X-subband of conduction band) and the recombination time *rx'4'24
I (r-X) = n x / t r x . (4.2)
Hence, the observed results can be explained by a reduction in the lifetime tpX of
photocreated carrier or an increase in the photocreated carrier density nx with raising 
temperature.
It is important to keep in mind that on the one hand, the X electrons n x in GaP 
layers come from the T-electrons in GaAs layers, because some of the photocreated hot
T-electrons may scatter to the X-related states before they relax down to the lowest
confined T-state. The scattering rate depends on the spatial overlap of the electron wave
functions of the T-minimum in the GaAs layer and of the X-minima in GaP layer. With
increasing temperature, the spacial overlap of the electron wavefunctions becomes more 
significant due to the increased electron kinetic energies. Therefore, this causes the
scattering rate to increase with temperature. Hence, the T-X transfer time exhibits a 
pronounced decrease with increasing temperature.
On the other hand, considering that the defect states related to the X-level are much
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deeper than those related to the T-level, most of the X-electrons nx  may be captured by
the strain induced defect states at low temperatures. With increasing temperature, more 
and more electrons which are localized at those defect states will be thermalized to the 
X-states in GaP layers. Therefore, it is expected that the concentration nx increases 
with raising temperature.
The reduction in the recombination lifetime xrx  can be interpreted as an increase of 
the optical matrix element. This element is proportional to the overlap integral between 
the T-related valence subband and the X-related conduction subband. Without mixing
between T-X states, this overlap integral would be zero, therefore the observation of an
optically active T-X transition is already indicative for such mixing. The reduction in
lifetime t r x  could be explained as increased T-X  mixing, which occurs as subbands 
come close in energy with increasing temperature. At low temperature, the much longer 
recombination time t rx  and the much smaller concentration nx seem to be the reason 
for the type-II emission A being undetectable at 4 K.
We speculate on why the observed temperature dependence in this work is different
from that reported by Recio et al (1990) 410 Considering that the GaAs/GaP material is
a highly strained-layer SL and the lattice mismatch is 3.7 % between GaAs and GaP 
layers, this means that strain relaxation is a crucial problem in this kind of SLS.
Fig. 4.7 shows the PL spectra of this type-II (GaAs)6/(GaP)6 SLS measured at 
start and at about five months later under the same excitation power and temperature.
We can see that in Fig. 4.7, the energy difference between the T-level of GaAs layer
and X-level of GaP layer changes from - 51 meV to -  44 meV as time goes on. The
inhomogeneous relaxation of strain with time and non-uniform T-X mixing across the
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sample probably account for this. The experimental results indicate that this type-II 
(GaAs)6/(GaP)6 SLS is mechanically unstable. Therefore, we probably observed the 
strain relaxation induced optical transitions, which would be associated with defects or
impurities, which may in turn be related to T- and X-states.
High pressure optical measurements were attempted but were not reproducible and 
the signals were very weak. The poor intensity may indicate again the very important 
role of strain-induced defects acting as non-radiative traps.
44 meV b  (1.8102)75K
(1.7664) A
3
B (1.8023) month■S)
CO
c (1.7514 ) A
51 meVPL
month
640740 680 660720 700
Wavelength (nm)
Fig. 4.7. PL spectra of (GaAs)6/(GaP)6 under the same excitation power and tem­
perature but at different time.
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4.5 Summary
We have studied the optical properties of a new mismatched system, the GaAs/GaP 
strained-layer superlattice, in which the lattice mismatch is 3.7%. Although the strain 
level induced by lattice mismatch causes large variations in the electronic band 
structure, type-I and type-II behaviours are still expected to take place as for 
GaAs/AlAs systems when the period and composition of the superlattice are varied.
The temperature and excitation density dependence of the PL spectra confirmed the 
assignment of the origin of the different emissions. For (GaAs)6/(GaP)6, the lowest 
conduction band is an X-level in GaP layers. The energy distance between the X-level
in GaP layers and the T-level in GaAs layers is - 44 meV. This sample is spatially
indirect (type-II) SLS. Electron transfer effects between states confined in GaAs and 
GaP layers were observed under suitable excitation powers and temperatures.
The temperature dependence of the PL spectrum for this type-II (GaAs)^/(GaP)6 
SLS is different from previously reported results,4*^ we probably observed, for the 
first time, the strain relaxation induced optical transitions, which would be associated 
with defects or impurities, probably related to T- and X-states.
Because the large lattice mismatch in GaAs/GaP systems, the systems are highly 
strained structures. We found that the type-II (GaAs)6/(GaP)6 SLS is mechanically
unstable since the energy separation between X- and T-levels changed with time. The
strain relaxation with time is potentially a crucial problem in this kind of highly strained 
systems.
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5.1 Introduction
The field of wide-gap II-VI compound semiconductors is both old and new. Scien­
tific research in II-VI compounds has a very long history dating back to the nineteenth 
century. On the other hand, from the point of view of recent optoelectronics, wide-gap 
II-VI compounds are quite new materials, especially as materials for light emitting 
diodes (LEDs) and semiconductor lasers operating in short wavelength regions.
In the late 1970’s, novel technologies in crystal growth, such as molecular beam 
epitaxy (MBE) and metalorganic vapour phase epitaxy (MOVPE), which vere 
developed mostly in the field of III-V compounds, were introduced to the field of I-VI 
compounds. As a result, crystals of high quality and purity were grown. This stroigly 
promoted both basic and applied research and brought about a new era, what one night 
call a “Renaissance” in II-VI compounds. Without doubt, the recent scientific and 
technical developments in II-VI compounds are due to the growth techniques of MBE, 
MOVPE and MOMBE.
Motives for this new development came from the demand for LEDs, semiconductor 
lasers and other optoelectronic devices operating in the short-wavelength visible regon. 
To fabricate such optoelectronic devices, III-V alloys (such as GalnAlP) appear to be 
difficult to grow, and one has to turn to II-VI compounds.
Another important point is the new, attractive physics of superlattices (SLs), qian- 
tum wells (QWs) and quantum dots (QDs) since the visible light wavelength (450 im) 
approaches the size of nano-structures - 100 nm. The introduction of novel crystal 
growth technology made it possible to prepare various types of II-VI SLs and QWs.
The quest for a visible light source has culminated in the realization of the ZnSe- 
based diode laser in 1991 (see References. 5.1, 5.2). Therefore, it is clear that much of
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the work of the II-VI community will be closely involved in the development of laser- 
compatible devices based on II-VI quantum structures.
From the standpoint of electronic properties, SLs and QWs based on C dj.xMnxTe 
appear attractive because of the rather strong dependence of the direct optical gap on Mn 
concentration in this zinc-blende cubic semiconductor. At the same time, the depen­
dence of the lattice constant of C d j.xMnxTe on composition implies that substantial 
strain will exist in the structures. Thus we have a strained layer SL analogous to those 
already fruitfully studied in the III-V systems.
A unique aspect of CdTe/Cd^_xMnxTe and related II-VI SLs and QWs is the mag­
netic contribution by the Mn-ion to their electronic and optical properties. This 
manifests itself in “giant” spin splittings of the valence and conduction bands in external
magnetic fields at low temperatures within the Mn-containing regions.5,3 The effects
originate from spin coupling between the Mn-ion d-electrons and those of the carriers.
In addition, these materials are particularly attractive candidates in which to examine 
the effects of changes in dimensionality (to 1- and O-dimension) on magnetic pheno­
mena and of quantum-confined carriers on the magnetic properties of the system. 
Therefore, CdTe/Cdj_xMnxTe and related II-VI SLs and QWs provide an opportunity 
to study quantum phenomena in a new manner.
Although the optical and electronic properties of CdTe/Cdj_xMnxTe SLs and QWs 
have been studied in some detail, a substantial number of questions remain concerning 
the basic electronic structure and properties of the systems. Compared with the more 
widely studied III-V SLs and QWs, notably the GaAs/(GaAl)As systems, few of the 
fundamental parameters necessary for the engineering of CdTe-based devices are yet 
known. Such parameters are particularly important in the strained layer SLs and QWs.
This chapter focuses on the optical properties of the CdTe/Cdj_xMnxTe under
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hydrostatic pressures and magnetic fields. The rest of this chapter is organized as 
follows. In the next section we introduce the band structure of Cdj_xMnxTe alloy. In 
section 3 the growth of CdTe/Cdj_xMnxTe QWs is described. In section 4 we discuss 
the luminescence of CdTe/Cdj_xMnxTe at atmospheric pressure. In section 5 the first 
investigation, to our knowledge, of the pressure coefficient as a function of the QW 
width Lw is presented. In section 6 we report for the first time the magneto-optical 
spectra of CdTe/Cdi_xMnxTe QWs under high pressures. Summary remarks are 
contained in section 7.
5.2 Band Structure of the Wide-Gap C d j.xMnxTe Alloy
There has been much interest recently in the diluted magnetic (or semimagnetic) 
semiconductors (DMS) based on the II-VI compounds. In the An1_xMnxBVI alloys,
manganese substitutes for the cation in AnBVI semiconducting compounds, and is in
the Mn2+3d5 configuration. At very low values of x (typically well below 1 atomic
percent), the influence of Mn on the band structure can be disregarded, and Mn 
interactions with carriers can be neglected. However, when larger mole fractions of Mn
(of the order of a few atomic percent or more) are alloyed with the A nBVI host material,
the situation is drastically altered. For example, the intrinsic edge may move through 
the visible region in wide-gap DMS.
The presence of such Mn concentrations leads to new and interesting electrical and 
optical behaviour due to spin-spin exchange interactions between band electrons and 
localized moments of the magnetic ions. Cdj.xMr^Te has been particularly widely 
studied and is probably the best understood of the wide-gap DMS because of its 
important properties which are not encountered in usual semiconductors.
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5.2.1 Basic Features a t Zero M agnetic Field
For wide-gap DMS Cdl xMnxTe, crystallographic studies indicate that a single 
phase region — zinc blende -  exists over wide ranges of x. All results to date suggest 
that in this region of solid solution, the band gap is always direct. Therefore, the zone 
centre band structure of this material should be characteristic of zinc blende crystals. In
the compounds, the two valence electrons of the group II element and the six
electrons of the group VI elements are distribute according to the so-called s-p5 orbital
bonding configuration. In this picture, the highest-lying valence band is triply 
degenerate in the absence of spin-orbit splitting, and the states at the centre of the 
Brillouin zone are bonding combinations of functions which are p-like about the nuclei. 
The lowest conduction band is s-like. The introduction of the spin-orbit interaction 
alters the bands, principally by splitting certain degeneracies. At k = 0 in the zinc 
blende structure, the six-fold degenerate (three-fold not counting the two spin states)
T15v state splits into a four-fold r g (J = 3/2) state and a lower, two-fold r 7 (J = 1/2) 
state, with the splitting indicated in Fig. 5.1 by Aso, the spin-orbit splitting energy.5-4
ZINCBLENDE ZINCBLENDE
( a ) ( b)
Fig. 5.1. Zinc-blende band structure for (a) Aso = 0, and (b) Aso * 0.
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A review of the literature reveals distinct trends in the behaviour of the fundamental 
gap in DMS. There are, (1) a general increase in gap energy with Mn mole fraction x at 
a fixed temperature T, and (2) approximate agreement of gap energies when results are
extrapolated to the same hypothetical x = 1 zinc blende M nB ^ compounds. This
behaviour is illustrated in Fig. 5.2 for the two ternaries involving Cd and Zn and the 
common anion Te, and for intermediate quaternary alloys in the C d ^ ry M a Je  (x + y +
z = 1) system.5,5
3.0
% 2.2OUj
0.6 0.80.2 0.4
Fig. 5.2. Variation of the energy gap in CdxZiyMnzTe (x + y + z = 1) with manganese 
concentration z for fixed x : y ratios. Experimental values: from the top line
to the bottom line x = 0, 3x = y, x = y, x = 3y and y = 0, respectively.5-5
The linear behaviour exhibited in Fig. 5.2 is only a first order guideline to what 
may be expected in the various DMS alloys. Based on results for many semiconductor 
ternary alloy systems, a nonlinear dependence of the band gap, namely a downward 
“bowing” in Eg against x, would be anticipated with refined measurements on crystals
of good quality.5,6 Such bowing is thought to arise from the nonlinear dependence of
the band gap on the crystal potential, and on short range fluctuations of the potential in
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a random substitutional alloy.5,7 Surprisingly, such nonlinearities, a characteristic of the 
complete alloy range, are noticeably absent in the wide-gap DMS.
The present experimental knowledge of the band structure of wide-gap DMS alloys 
is nearly gleaned from investigation of optical effects, e.g., absorption, reflectivity, 
photoluminescence and excitation spectroscopy. Here we review a variety of such 
experimental results that reveal the dependence of band structure features of Cdj. 
xMnxTe on Mn concentration.
Thble 5.1. Summary of Eg versus mole fraction x in Cdj_xMnxTe alloy.5,4
E, in eV T(K) Range of *
Measurement
M ethods’ Reference
1.585 + l .5 lx 77 0 <  * <  0.5 R. Gaj el al. (1978)
1.595 + 1.587* LHc 0 < * <  0.2 E.M. Twardowski et al. (1979)
1.50 + 1.44* 300 0 <  * s  0.6 E.R. Bottka et al. (1981)
1.586 + 1.393* 76 0 <  *  s  0.7 P. Vecchi et al. (1981)
1.53 + 1.26* 300 0 <  * < 0.7 E.L. Lautenschlager et al. (1985)
1.528 + 1.316* 300 0 <  * < 0.7 P R . Lee and Ramdas (1984)
1.586 + 1.50* 80 0 <  * < 0.7 Lee and Ramdas (1984)
1.595 + 1.592* 10 0 <  * < 0.7 Lee and Ramdas (1984)
Measurement methods:
R. = Reflectivity; E.M. = Excitonic Magnetoabsorption; E.R. = Electroreflectance;
P. = Photoluminescence; E.L. = Ellipsometry; P.R. = Piezomodulated Reflectivity.
The first quantitative results on Eg(x) were published by Gaj et al. (1978)5,8 using 
reflectivity data. Linear increases in E against x were recorded by Twardowski et al.o
(1979)5-9 using magnetoabsorption measurements with data confined to low x values,
0 < x < 0.2. Modulated electroreflectance results by Bottka et al. (1981) provided a 
survey of Eg(x, T) over nearly the complete single phase region of Cdj^Mr^Te, and
confirmed the linear increase of Eg with x seen by previous investigators.5,10
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Photoluminescence results by Vecchi et al. (1981) demonstrated that crystal quality was 
sufficiently good to give band edge emissions for all x.5,11 Finally, Lee and Ramdas 
(1984), using piezo-modulated reflectivity, were able to separate band edge features 
from spectra due to the presence of Mn2+ intra-ion transitions.5,12 A summary of 
measured variations of Eg with x is given in Table 5.1.
5.2.2 Basic Theory of M agneto-Optical P roperties of DMS
A unique aspect of CdTe/Cd \ _xMnxTe and related II-VI SLs and QWs is the mag­
netic contribution by the Mn-ion to their electronic and optical properties. This 
manifests itself in “giant” spin splittings of the valence and conduction bands in external 
magnetic fields at low temperatures within the Mn-containing regions. The effects 
originate from spin coupling between the Mn-ion d-electrons and those of the Bloch- 
like band states.
5.2.2.1 Ham iltonian of the Problem
For a DMS system in an external magnetic field, the Hamiltonian for a band electron 
will have the form,5,15
H = H0 + HB + Hc  + Hex + Hd l . (5.1)
where the five terms in the Hamiltonian correspond to various interactions influencing 
the band electron state. Relative contributions of each of the terms may vary depending 
on the crystal in question and on experimental conditions. Here HQ is a (one electron) 
Hamiltonian of the electron in a perfect crystal:
HQ = p2 /2m  + V (r). (5.2)
The term
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HB = - (e/mc) p • A + g pB a  • B (5.3)
describes (in a linear approximation) the direct influence of the magnetic field on the 
carrier state. Here the symbols have their usual meaning. This term is responsible for 
Landau quantization and spin splitting of Landau levels (this gives only a small fraction 
of the total spin splitting in DMS).
The Coulomb term H c  represents energy of the carrier interacting with an impurity 
or with another carrier (e.g., electron-hole interaction producing exciton states).
The term represents the fundamental interaction in a semimagnetic semicon­
ductor: the carrier-ion exchange. Following Bastard et al. (1978) we shall express it in
a Heisenberg form:5,14
Hex= - 2 n J ( r - R n) a . S n , (5.4)
where r  and Rn are the position vectors of the carrier and the magnetic Mn2+ ion; J (r  - 
Rn) is the position-dependent electron-ion exchange constant which falls off rapidly 
with the distance from a Mn site; a  and S n are the carrier and the magnetic Mn2+ ion
spins, respectively. The index n  runs over all the magnetic ions.
Because the electronic wave function, in general, spans a large number of lattice 
sites, we can replace J (r  - Rn) by xJ (r - Rj), where x is the Mn mole fraction in the 
material and Rj spans every site of the fee sublattice occupied partially by Mn ions, so 
that the summation is now carried out over all Rj. Because the spatial extent of the
electron wave function is large enough to cover many Mn2+ ions, all the manganese
spin operators S n in the exchange Hamiltonian (Eq. (5.4)) can be replaced by <Sn>,
the thermal average of the Mn2+ spin. Considering a magnetically isotropic crystal
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placed in a magnetic field (taken along the z-axis), we have <S^> = <Sy> = 0 and <S> 
= <S^>, then Eq. (5.4) becomes
Hex= - 2 x J ( r - R i) a I <Sz> ,  (5.5)
here
<sz> = s0 B5/2 [ (5/2 g pB B) /  k (T + Tq) ] , (5.6)
where B5,2 is the Brillouin function for the magnetization of the 5/2 Mn2+ spins located 
in the Cd j^Mr^Te layers; an electronic spin S = 5/2 and Lande’ factor g = 2; p g  is the
Bohr magneton and k is the Boltzmann constant; SQ and TQ are phenomenological 
parameters. SQ characterizes the saturated magnetization of the material and, as a result 
of the formation of antiferromagnetically coupled pairs, decreases as x increases; TQ
reflects the effect of long range magnetic coupling.515
The term represents the electron-hole exchange interaction and may be of 
importance in exciton problems. The difference between the present case and a non­
magnetic semiconductor lies in the presence of the ion-carrier exchange Hamiltonian 
H ^  in equation (5.1).
In wide-gap DMS, we may neglect the term HB, if the temperature is not exces­
sively high, i.e., when the magnetic field effects due to carrier-ion exchange are strong 
compared to “nonmagnetic” effects described by HB.
5.2.2.2 Band Splitting by Exchange Interaction
Under the above assumptions, we can treat separately the conduction band and each 
component of the valence band.516 The basis vectors for the conduction (r6) band:
l i . ^ c  =  s t
(5.7)
I i ,  -  t> c  =  J i .
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for the r 8 valence band:
= 7 e [{XJriY)i  " 2ZT1
l^ " ^ > = V6 l(^ " / r)T + 2ZT1
(5.8)
l i ri>  = 7 2 ( X - i Y ) i ’
and for the f 7 valence band:
!*.*>■ = vT [(* + ,T)A + ZT1
li» ~ i ) v  = [{X -  /y ) t  -  z i ]
In the chosen bases, matrices of H are diagonal:
(5.9)
1A 0 
0 -3/4 (5.10)
3 B 0 0 0
0 B 0 0
0 0 - B 0
0 0 0 - 3 5
(5.11)
II “  B 0 ||
< ¥ v\n\Htx\ \f /v\n)  = Q ^ J { 5 . 1 2 )
where
A = - i N 0a<St )x and 5  = ~bNo0<St )x. (5.13)
Here N0 denotes the number of unit cells per unit volume, and a  = < s IJ I s > and |3 = 
< XI J I  X > are exchange integrals for the conduction and valence bands, respectively.
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A Zeeman scheme in a zinc-blende DMS is presented in Fig. 5.3 and in Table 5.2. 
The relative intensities are proportional to the corresponding interband matrix elements. 
The data of Table 5.2 are in good agreement with the experimental results obtained in
Cd^_xMnxTe if the exchange parameters are NQa  = 0.22 eV and N0(3 = -  0.88 eV.
cond. band
r.
valence
bands
Fig. 5.3. A schematic representation of band splittings in a cubic (zinc-blende) 
semimagnetic semiconductor. Transitions allowed in the Faraday configu­
ration are marked by arrows.5,13
The exciton ground state in the DMS alloys splits in six components: four (denoted
A through D) visible in the a  polarization (electric field of light perpendicular to the
external magnetic field) and two (E and F) visible in the Jt polarization (electric field of 
light parallel to the external magnetic field). In the Faraday configuration (light
propagation along the external magnetic field), the four o-components exhibit o+ (A
and B) or o' (C and D) circular polarizations (see Fig. 5.3). The whole splitting pattern 
is approximately symmetric relative to the zero field position.
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Thble 5.2. Calculated energies and relative intensities of the Zeeman components of 
the free exciton in a zinc-blende semimagnetic semiconductor.5*13
States
Energy 
(Relative to 
zero field 
position) Polarization
Relative
intensity SymbolValence Conduction
1} -  i> 1 3 B -  3/4 <7* 3 A
l * - * > r B  + 3/4 a r 1 B
l * - ± > i B -  3/4 n 2 E
I W > T - B  + 3/4 n 2 F
l i - * > I - B  -  3/4 a~ 1 C
T -  IB + 3/4 a~ 3 D
l * - * > T - B  + 3/4 a* 2
I W > 1 - B  -  3/4 n 1
I W > r B + 3/4 n 1
! * - * > i B -  3/4 a~ 2
A = - i x N 0a ( S l ) B = -±xWo0<S*> 
Attention: <5*> is normally negative!
For a given semiconductor in a given magnetic field and temperature, the Zeeman
pattern can be characterized by splitting values of two pairs of a-components: strong (A
and D) and weak ones (B and C). The splitting of the two Jt components, E and F, is 
not independent. It equals one half of the difference between splittings A-D and B-C.
Fig. 5.4. shows the positions of the Zeeman components of the free exciton ground 
state of C dj.xMnxTe as a function of magnetic field for various compositions. In 
crystals of low Mn mole fraction x, the splitting increases with x and the saturation is 
clearly visible, while at higher x values the curves show only a slight deviation from 
linearity. At higher temperatures the splittings showing as a function of field becomes
smaller and the tendency to saturate is weaker.5*17
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0.55
Magnetic field ( T )
Fig. 5.4. Splitting of the two strong a-components of the exciton Zeeman structure of 
C d j.xMnxTe versus magnetic field at 1.4 K. Manganese concentration 
values are given in percentage. [After Gaj et al. (1979).]5,17
5.2.2.3 Exciton Luminescence
Most of the luminescence measurements on DMS have been performed in order to 
study bound magnetic polaron (BMP) effects. There is abundant evidence that carriers 
localized at impurities can induce sizeable magnetizations in their vicinity. These 
ferromagnetic complexes are termed bound magnetic polarons (BMP).
BMP control many properties of semimagnetic semiconductors; they are respon­
sible for prominent features in the luminescence spectra of semimagnetics and for the 
increase in exciton binding energy at low temperatures. A study of the temperature, 
composition, and magnetic field variation of the luminescence features gives 
information concerning BMP interactions in such complexes as the acceptor, the
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acceptor-bound exciton (A0, X), and the donor-bound exciton (D°, X).
At zero field, the (A0, X) energy is lower than the energy of a dissociated system
(A° + X) by a binding energy that consists of a Coulomb part and an exchange
(magnetic polaron) part. Application of a magnetic field, lowers the energy of the 
ground hole of both the bound and the dissociated systems by affecting the exchange 
contributions.
Now, the (A0 + X) system is affected more strongly by that additional energy, since
both its holes are free to adjust the direction of their spins to the magnetic field 
direction, the orbital parts of their wavefunctions being different. The two holes in
(A°,X) have a symmetrical orbital wavefunction and the Pauli principle makes such a
free adjustment impossible. In addition, the presence of an external magnetic field 
reduces magnetic polaron effects. Therefore, if the exchange effects are strong enough, 
at a certain field value the net binding energy will vanish and the bound state will 
disappear. Detailed studies of this phenomenon can supply information on excitonic 
wavefunctions, on the values of the exchange constant for bound states and on the 
magnetic polaron effects.
5.3 Growth of CdTe/Cdj.xMnxTe QWs
The application of MBE techniques has to date yielded a substantial number of 
CdTe/Cdj_xMnxTe SLs and QWs over a range of Mn-ion concentrations (x) and layer 
thicknesses, so far mostly grown on GaAs substrates. For the reproducible growth of 
high quality structures, much care is needed in both the choice of substrate material and 
preparation of the substrate surface.
For this investigation InSb (a  = 0.64782 nm) was chosen as the substrate material.
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The reason for this choice is that it is readily available as large area single crystals of 
good structural quality and, in particular, it is very well lattice matched to CdTe (a  = 
0.64810 nm). Because the lattice mismatch between InSb and CdTe is < 0.05 % at 25 
°C, strain effects on the epitaxial layers are expected to be significantly smaller than
those grown on the more commonly used GaAs substrate.*5,18 However, for Cdj_ 
xMnxTe layers, the lattice match becomes less satisfactory as x increases. The lattice
mismatch between InSb and Cdi_xMnxTe is -  0.44 % at 25 °C for the value of x = 
0.2. Another important factor in its selection is that the layer growth temperatures are 
relatively low (< 240 °C), which results in minimizing interdiffusion. Growth of 
similar heterostructures on GaAs substrates using conventional MBE has so far 
required temperatures of > 300 °C.
The structures were grown at the University of Hull, using a computer-controlled 
VG Semicon V80H MBE system. The Cd and Te2 fluxes were provided by a single 
source of high-purity polycrystalline CdTe (MCP Ltd., UK), a second evaporation 
source being loaded with 4N grade Mn (Johnson-Matthey Puratronic), which had 
previously been vacuum distilled. The (001) p-type InSb substrates were chemically 
etched and the surface oxide then removed in vacuo using 500 eV argon ion etching and 
thermal annealing cycles. This is a crucial step in the preparing of InSb. Because the air 
cleaving procedure causes damage. The substrate temperature was typically set in the
range 200 - 250 °C for growth. Multilayer structures were deposited at a growth rate of 
0.5 pm /  h throughout and consisted of a buffer layer of 0.1 pm CdTe followed by a 
0.2 pm Cdj_xMnxTe alloy layer, on which the MQWs and SQWs were grown. The
structure was finally capped with a 0.2 pm Cdj_xMnxTe layer. The purpose of the 
capping layer was to enable the concentration x to be determined by comparing the 
photoluminescence from this layer with that from standard bulk specimens.^18
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In this work a series of CdTe/Cd j _xMnxTe multiple quantum wells (MQWs) and 
single quantum wells (SQWs) was investigated. The sample parameters are given in 
table 5.3.
Table 5.3. CdTe/Cd^_xMnxTe MQW and SQW parameters. Lw and LB are the 
widths of the CdTe and C d j.xMnxTe layers, x is the Mn ion 
concentration.
QWs CdTe L(A) CdMnTe L(A) X
M145 150 150 0.063
M154 75 75 0.065
M157 100 100 0.063
M230 20 2000 0.125
50 2000 0.125
80 2000 0.125
150 2000 0.125
The MQWs structures contained five CdTe wells with the same widths, separated 
by Cdj_xMnxTe barriers. The QW width ranged from 75 to 150 A for the three 
different samples. In each sample, the CdTe thickness was made nominally equal to 
the Cdi_xMnxTe thickness LB, so that the strains in corresponding layers of the
different samples were the same.5,18
The SQWs structure consisted of four CdTe wells with widths of 20, 50, 80, 150
o o
A, respectively, separated by Cdj_xMnxTe (x = 0.125) barriers of 2000 A width. The
e a o
wells were grown sequentially from 150 A to 20 A with the well 20 A closest to the 
surface. The wide barriers ensured that each quantum well was independent, both 
electronically and structrually, of its neighbours. The CdT e/Cd ^  _xMnxTe MQW and 
SQW parameters are given in table 5.3.
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5.4 Luminescence of CdTe/Cdj.xMnxTe QWs
Photoluminescence (PL) spectra were excited using the 488 nm line from an 
Argon-ion laser. The emitted light was dispersed by a lm  double-grating spectrometer 
and detected with a cooled GaAs photomultiplier tube using photon-counting technique. 
The resolution was 0.2 A. The relative intensities of the PL spectra are not corrected for 
the spectral response of the monochromator and detector since it is flat in this region of 
the spectrum over the range of interest. The spectra were recorded at 4 ± 0.2 K.
Fig. 5.5 (a) shows such a spectrum for sample M l57 in zero magnetic field and 
atmospheric pressure. Also shown in the figure is a schematic of the conduction band 
in the quantum wells. The energy of the lowest level (n = 1) is indicated by the dashed 
line inside the wells. The spectrum consists of three peaks A (1.688 eV), B (1.606 eV) 
and C (1.554 eV). The highest energy peak A is recombination from the Cdj_xMnxTe 
(x = 0.063) capping layer and the very weak peak C is probably from the CdTe buffer 
layer emission. The very sharp peak B is attributed to free exciton recombination from 
the five quantum wells, all of the same well width (Lw = 100 A).
The spectrum of sample M145 is shown in Fig. 5.5 (b).The three peaks A ’ (1.680 
eV), B’ (1.600 eV) and C’ (1.557 eV) are emissions from the C dj.xMnxTe (x = 
0.063) capping layer, the five quantum wells (Lw = 150 A) and the CdTe buffer layer, 
respectively.
In Fig. 5.5 (c), the spectrum of sample M154 is similar to that of M145. The three 
peaks A ” (1.718 eV), B” (1.627 eV) and C” (1.552 eV) are attributed to the Cdx.
o
xMnxTe (x = 0.065) capping layer, the five quantum wells (Lw = 75 A) and the CdTe 
buffer layer, respectively.
The PL spectra from the MQW structures differ markedly from those of the single 
layers. The most prominent feature of the spectra is the shift to shorter wavelength in
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the thinner layers, which is clear indication of quantum confinement effects. It is clear 
that in Fig. 5.5 (b) and (c) the exciton energies of peaks A ” and B” are much ( -  38 
and - 27 meV) higher than those of peaks A’ and B ’ due to their different x values and 
well widths.
(a)M157 100/100 A
Lz (A) 100100 1000
buffer
layer
n i -
capping
layer
6
1.606 eV
1.688 eV
C#o
*c75c/5
s
W
1.554 eV
x 100
720 760
Wavelength (nm)
Fig. 5.5 (a). PL spectrum of sample M157 at zero magnetic field and atmospheric 
pressure and at 4 K. The MQWs had well width L w 100 A separated by 
100 A wide Cd^.xMnxTe barriers (x = 0.063).
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4 K 
M154
75/75 A
1.627 eV
1.718 eV
1.552 eV
x 100x 20
(b) 1.600eV1.680 eV 4 K 
M145
150/150 A
1.557 eV
x 10
x 10
720 760 800
Wavelength (nm)
Fig. 5.5 (b)-(c). PL spectra at zero magnetic field, 1 bar and 4 K. (b) MQWs M145 had
e o
well width Lw 150 A separated by 150 A wide Cd^_xMnxTe barriers 
(x = 0.063); (c) MQWs M154 had well width Lw 75 A separated by 
75 A wide C dj.xMnxTe barriers (x = 0.065).
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In studies of bulk Cdj_xMnxTe at various laboratories,519 it has been shown that
the main PL is from excitons bound by the statistical fluctuations in alloy composition 
(L2 emission), from excitons bound at neutral acceptors (LI emission) and from 
excitons bound at neutral donors. All of these emission energies depend on the 
composition parameter x. For high values of x (> -  0.1) the L2 emission dominates, 
whilst at lower x (< - 0.1), the emission from excitons bound at defects or impurities is 
found to be the strongest. Therefore, the barrier layer emission of the three samples is 
identified as that of excitons bound at neutral impurities.
The PL linewidths of peaks A and A’ are ~ 10 and ~ 6 meV. Because the capping 
layer emission is very sensitive to x, a depth or lateral variation in x will cause 
broadening, these results suggest that the Mn concentrations are quite uniform across 
these samples.
Fig. 5.6 shows the spectrum of SQWs (sample M230) at zero magnetic field and 
atmospheric pressure and at T = 4 K. A schematic of the conduction band in the 
quantum wells is also shown in the figure. The energy of the lowest level (n = 1) is 
indicated by the dashed line inside the wells. Peak D (1.778 eV) comes from the C d j. 
xMnxTe (x = 0.125) capping layer. Peaks E (1.725 eV), F (1.655 eV), G (1.624 eV),
H (1.602 eV) are related to the free exciton emissions from the four single quantum 
wells, of width, 20, 50, 80 and 150 A, respectively. Peak K (1.590 eV) is probably 
from the CdTe buffer layer.
In this sample, the wells were grown sequentially from H to E with well E closest 
to the surface and well H furthest from the sample surface. Hence the intensities of 
peaks farther from the surface of the sample are smaller. However, we should notice 
that the intensity of peak G is much weaker than that of peak H. This is probably due to 
the poorer quality of quantum well G. In Fig. 5.6, it is clear that the emission energies 
for the wells increase with decreasing well width.
-127-
Ch. 5. Magneto-optical studies of CdTe/CdMnTe QWs under high pressures
4 K 
M230
150 1000
—^~~1 — U—
buffer
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- t t -
capping
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1.725 eV
1.655 eV
1.602 eV
1.778 eV
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720 800760
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Fig. 5.6. PL spectrum of SQW sample M230 at zero magnetic field and atmospheric 
pressure and at 4 K. The quantum wells E — H had well widths Lw of 20, 
50, 80 and 150 A, separated by 2000 A wide Cdj_xMnxTe barriers (x = 
0.125).
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Fig. 5.7 shows the band edges of a CdTe/Cd^.xMnxTe QW. Here Eg is the band 
gap of CdTe, AEC and AEy are the conduction and valence band discontunities,
E^conf E^Conf are the electron and hole confinement energies, respectively.
CdMnTe CdTe CdMnTe
Cent.
nf.—
Fig. 5.7. Schematic of the band edges of a CdTe/Cdj.xMnxTe quantum well at zero 
magnetic field.
The free exciton emission energy Ex is given by
Ex = Eg + EeConf + EhConf- E b. (5.14 a)
where EB is the exciton binding energy. For the infinite square well (ideal case):
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E ? , h C o n f. = (h n)2 /  $  m*e,h n = 1, 2, 3 .... (5.14 b)
From equation. (5.14), we can see that Ex increases with increasing EeConf and
E^conf Therefore, when the well width is narrower, the exciton emission energy is 
larger due to the quantum confinement effect.
Fig. 5.8 shows the measured energy dependence of the quantum well emission for 
sample M230 as a function of well width. The calculated result of infinite well is shown 
in the dashed curve. Considering that the confinement energies for finite well are lower 
than those of infinite well, our experimental results compared well to the theoretical 
one.
1.9
>
W 1.8 
VcW
c 1.7 o ** o
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1.6
1.5
0 100 200 1000 
Well Width (A)
Fig. 5.8. The measured energy dependence of the quantum well emission for SQWs 
M230 as a function of well width. The dashed curve shows the calculated 
result of infinite well.
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5.5. CdTe/Cdj , xMnxTe QWs under Hydrostatic Pressures
Interest in the behaviour of SLs and QWs under hydrostatic pressure5-20 and the
rapid development of II-VI strained-layer SLs and QWs5-21 have given rise to optical 
studies of such new system under pressure in order to explore the electronic levels and 
to test a number of bulk and SL parameters of the layer components.5-22
High pressure enables the lattice constants to be varied in a controlled way, over a 
variation of a few percent, while keeping other factors controlled or changing in a 
known way. Since the compressibilities of different semiconductors vary, there can be 
pressure-induced biaxial strains between semiconductors that share a common 
interface. Then, applied pressure can allow sufficient tuning of mismatch in a single 
sample to simulate a wide range of materials at atmospheric pressure (1 bar). Therefore, 
measurements of photoluminescence (PL) under high pressure can provide a direct 
determination of some of the important material parameters.
So far there have been few reports on the pressure dependence of luminescence in
CdTe/CdMnTe strained-layer structures5-23 limited to SLs and QWs with one well
width only. In this part we report new values for the hydrostatic pressure coefficients of 
CdTe/Cd j _xMnxTe MQWs and SQWs with different well width.
5.5.1 Experimental Considerations
For high pressure measurements, the substrates were thinned mechanically to a
thickness of about 30 pm. The samples were cleaved to about 100 pm x 100 pm for
loading in the pressure cell. A single sample and a fine ruby particle were placed in a 
gasketed Diacoll diamond anvil cell (DAC). A 4 : 1 mixture of methanol and ethanol
-131-
Ch. 5. Magneto-optical studies of CdTe/CdMnTe QWs under high pressures
was used as the pressure transmitting fluid. The pressure was determined using the
pressure dependence of ruby luminescence.5-24 The DAC was inserted in a variable
temperature cryostat cooled by liquid helium. In order to achieve optimal hydrostatic 
conditions, the pressure was changed at room temperature.
TWo kinds of samples were investigated by PL experiments under hydrostatic 
pressures. The first sample is SQWs (M230), which consists of four QWs with 
different well width from 20 - 150 A, separated by 2000 A Cd j_xMnxTe (x = 0.125) 
barriers. The second sample is MQWs (M157), which consists of five QWs with the 
same well width 100 A, separated by 100 A C dj.xMnxTe (x = 0.063) barriers.
5.5.2 Pressure Dependence of the Emission from CdTe/Cdj.xMnxTe
Typical behaviour of the PL spectra of CdTe/Cdj_xMnxTe SQWs at 4 K and under 
hydrostatic pressures up to 21 kbar is shown in Fig. 5.9 (a) - (d). Each of the spectra is 
normalized to its maximum intensity. Fig. 5.9 (a) shows the spectrum at p = 1 bar. 
Peak D comes from the C dj.xMnxTe capping layer. Peaks E, F, G and H are related to 
the free exciton emissions from the four single quantum wells, of width, 20, 50, 80 
and 150 A, respectively. Peak K is emission from CdTe buffer layer. The wells were 
grown sequentially from H to E with the well E closest to the surface. The emission 
energies for the wells increase with decreasing well width.
As pressure is applied, all the peaks move to higher energies at about the same rate 
without significant spectral broadening and their relative intensities do not change very 
much at higher pressures. In Fig.5.9 (c) and (d), the six peaks can be seen very clearly, 
which rapidly shift to higher energies with increasing pressure from 12 kbar to 21 kbar. 
When the pressure was raised about 35 kbar, all peaks dramatically decrease in 
intensity. The quenching means that a crystallographic phase transition of CdTe occurs
from the zincblende to the NaCl structure, which destroys the PL irremediably.5 25
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Fig. 5.9 (a) - (b). PL spectra of SQWs (M230) at p = 1 bar and 6 kbar and 4 K. Peak 
D conies from the C d j.xMnxTe capping layer. Peaks E, F, G and H 
are related to the free exciton emissions from the four QWs, of
o
width, 20, 50, 80 and 150 A, respectively. Peak K is emission from 
CdTe buffer layer. With increasing pressure , all the peaks shift to 
higher energies.
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Fig. 5.9 (c) - (d). PL spectra of SQWs (M230) at p = 12 and 21 kbar and 4 K. Peak D 
comes from the Cd j . xMnxTe capping layer. Peaks E, F, G and H 
are related to the free exciton emissions from the four QWs, of 
width, 20, 50, 80 and 150 A, peak K is emission from CdTe buffer 
layer, respectively. With increasing pressure , all the peaks shift to 
higher energies.
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These structures differ from the well-established M-V structures in remaining direct 
gap up to their phase transition pressures, limiting the scope for obtaining information
on the band line-up near T-X crossovers.
The PL spectra of CdTe/Cd ^  _xMnxTe MQWs (M157) at 4 K and under hydrostatic 
pressures up to 25 kbar are shown in Fig. 5.10 (a) - (d). Each of the spectra is 
normalized to its maximum intensity. The p = 1 bar spectrum consists of three peaks A, 
B, and C, which are identified as the Cdj_xMnxTe (x = 0.063) capping layer emission, 
free exciton recombination from the five QWs (Lw = 100 A) and the CdTe buffer layer, 
respectively.
With increasing pressures, we can see that all the peaks move to higher energies at 
about the same rate without significant spectral broadening. As the pressure was raised 
about 35 kbar, all peaks dramatically decrease in intensity, in the same way as that 
exhibited by sample M230.
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Fig. 5.10 (a) - (b). PL spectra of MQWs M157 at p = 1 bar and 3 kbar and 4 K. Peaks 
A, B and C are the emissions from the C d j.xMnxTe (x = 0.063) 
capping layer, CdTe QWs (Lw = 100 A) and CdTe (1000 A) buffer 
layer, respectively. With increasing pressure , all the peaks move 
to higher energies.
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Fig. 5.10 (c) - (d). PL spectra of MQWs M157 at p = 21 and 25 kbar and 4 K. Peaks 
A, B and C are the emissions from the Cd^_xMnxTe (x = 0.063) 
capping layer, CdTe quantum wells (Lw = 100 A) and CdTe (1000
o
A) buffer layer, respectively. With increasing pressure , all the 
peaks move to higher energies.
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Fig. 5.11 shows the effect of pressure on the emission energies of SQWs (sample 
M230) at 4 K for different well widths. Also shown in Fig. 5.11 are the pressure 
dependences of the PL from the Cdj_xMnxTe capping layer and CdTe buffer layer.
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Fig. 5.11. Photon energy of emissions D (Cd^.xMnxTe capping layer, x = 0.125), E 
(20 A), F (50 A), G (80 A), H (150 A) and K (1000 A CdTe buffer layer) 
as a function of pressure for SQWs (M230) at 4 K. The solid lines are 
least-squares fits to the data. The pressure coefficient decreases with 
increasing well width, as can be seen from the slopes of each line in the 
inset.
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Since the pressure shifts were found to be essentially linear over the 1 bar ~ 30 kbar 
pressure range, a least-squares fit was employed for each set of data using the linear 
function:
E (p) = E (p = 0) + a  p, (5.15)
where energy E is in eV and pressure p is in kbar.
In Fig. 5.11 we can see that the pressure coefficients a  of the four single QWs (20,
50, 80 and 150 A) are 6.82 ± 0.05, 6.75 ± 0.05, 6.69 + 0.05 and 6.65 ± 0.05 
meV/kbar, respectively. It is clear that narrower wells have larger pressure coefficients. 
The well-width dependence of the pressure coefficients, though small, is a real effect 
outside the experimental uncertainty. Therefore our results show a weak but 
distinguishable decrease in the pressure coefficient of the transition energy as the well
width is increased. We can also see that the pressure coefficients a  of the four QWs are
smaller than that (6.93 ± 0.05 meV/kbar) of the C dj.xMnxTe capping layer (x = 
0.125), but larger than that (6.58 ± 0.05 meV/kbar) of CdTe buffer layer (1000 A). The 
pressure coefficients obtained from the slopes of this sample are listed in Table 5.4.
Fig. 5.12 shows the effect of pressure on the emission energy for MQWs (sample 
M157) at 4 K. Also shown in Fig. 5-12 are the pressure dependences of the PL from 
the Cdj_xMnxTe capping layer (x = 0.063) and CdTe buffer layer (1000 A).
For sample M157 (see Fig. 5.12), emission A of Cdj_xMnxTe capping layer (x =
0.063) shows a linear pressure shift of 6.83 ± 0.05 meV/kbar, which is similar to, but
somewhat smaller than that of the Cdj_xMnxTe emission (D line) of sample M230 (x =
0.125). This is probably due to the different manganese concentrations in the barriers
between the two samples. Peak C of the buffer layer shifts at a rate of 6.54 ± 0.05
meV/kbar, which is very close to that of emission K of sample M230. The pressure
0
coefficient a  of emission B from the five quantum wells of 100 A width is 6.60 ± 0.05
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meV/kbar, which is smaller than that (6.65 ± 0.05 meV/kbar) of 150 A QW of sample 
M230, probably due to the different manganese concentrations in the barriers. 
However, this value is smaller than that of emission A and larger than that of emission 
C. This trend is the same as that of sample M230. The pressure coefficients obtained 
from the slopes of this sample are also listed in Table 5.4.
1.9
M157 
4 K
1.8 -
>
QJ
co
o meV/kbarsiOu 1.6
□ C 6.54
1.5
30 4010 200
Pressure (kbar)
Fig. 5.12. Photon energy of emissions A (Cd^_xMnxTe capping layer, x = 0.063), B 
(quantum wells, Lw = 100 A) and C (1000 A CdTe buffer layer) as a 
function of pressure for MQWs (M157) at 4 K. The solid lines are least- 
squares fits to the data.
The pressure coefficient a  for Cdj_xMnxTe is known to depend5,4 on x. At 300 K, 
the values of a  for bulk Cdj_xMnxTe range from 8 - 4.6 meV/kbar between x = 0 to
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0.7. We have measured the a  for the capping layers in samples M230 and M157 at 4 K 
to be 6.93 ± 0.05 and 6.83 ± 0.05 meV/kbar, in reasonable agreement with Ref. 5.4. 
Our measurement of a  for CdTe buffer layers at 4 K is 6.58 ± 0.05 and 6.54 ± 0.05 
meV/kbar, respectively, consistent with 6.5 ± 0.05 meV/kbar in bulk CdTe obtained by 
Dunstan et al.5-26 The pressure coefficient a  of the quantum wells of 100 A width is 
6.60 ± 0.05 meV/kbar. Within experimental accuracy, this value compares well to 6.4 
meV/kbar in a CdTe/CdMnTe quantum well structure reported by Wilkinson et al.5,27
Table 5.4. CdTe/Cd1_xMnxTe SQWs (M230) and MQWs (M157) parameters and 
pressure coefficients a . x is the Mn ion concentration.
CdMnTe 
(capping layer)
CdTe 
(well width A) a  meV/kbar
(x = 0.125)
2000 A 6.93 ± 0.05
(SQWs)
M230
20 6.82 ± 0.05
50 6.75 ± 0.05
80 6.69 ± 0.05
150 6.65 ± 0.05
1000 
(buffer layer)
6.58 ± 0.05
(x = 0.063)
2000 A 6.83 ± 0.05
(MQWs)
M157
100 6.60 ± 0.05
1000 
(buffer layer)
6.54 ± 0.05
-141 -
Ch. 5. Magneto-optical studies of CdTe/CdMnTe QWs under high pressures
Fig. 5.13 shows the measured pressure dependence of the quantum well emission 
for sample M230 as a function of well width. Here the point at zero well width is
obtained from the pressure coefficient a  of the Cdj_xMnxTe (x = 0.125) capping layer
0
(peak D), the point at 1000 A well width is obtained from that of the CdTe buffer layer 
(peak K). A systematic decrease in a  is seen with increasing the well width. The
statistical error in each value of a  is about ± 1%. We also observe that the wide well PL
pressure coefficient a  is significantly higher than that of bulk CdTe.
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Fig. 5.13. Pressure coefficient of the quantum well emission as a function of well 
width (sample M230). Here the point at zero well width is obtained from
the pressure coefficient a  of the Cd j_xMnxTe (x = 0.125) capping layer
(peak D), the point at 1000 A well width is obtained from that of the CdTe 
buffer layer (peak K). The full circle is the value for bulk CdTe from
Dunstan et al.5-26
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Venkateswaran et al5-28 have observed that the pressure coefficient from a narrow
GaAs/AlxGal xAs QW has a smaller value than that of a wide well, which is the 
opposite of the results presented here. However, in InGaAs/GaAs strained QWs the 
pressure coefficient is found to increase with decreasing well width ,5*29, 5 30 which is 
similar to our results observed in CdTe/Cd1_xMnxTe strained layer SQWs.
The pressure coefficient of the emission from a quantum well can vary with well 
width due to effects related to the confinement energy. When the quantum well width is 
very wide and approaches the bulk limit, the confinement energy vanishes, the confined 
states behave exactly as the band edge in the bulk matarial, and the pressure coefficient 
should be that of the equivalent bulk crystal. In our experiments, we observed a 
pressure coefficient for the CdTe 1000 A buffer layer of 6.58 ± 0.05 meV/kbar and as
the well width increases, a  approaches that of the buffer layer with a  = 6.65 ± 0.05
meV/kbar. The bulk limit is not reached probably due to strain remaining in the CdTe 
buffer layer.
For very narrow quantum wells, most of the confined-state wave function is in the 
Cdl xMnxTe barrier layers. Therefore, as Lw —» 0, the pressure coefficient should 
approach that of Cd^M r^Te as shown in Fig. 5.13. Thus the wider well has a smaller 
a  since the pressure coefficient of the CdTe well layer has a smaller value than that of
the Cdj^Mr^Te barrier layer. In GaAs/AlxGa1_xAs heterostructures, a  in the well layer
(GaAs) is larger than that in the barrier layer (AlxGalx As),5-31 and the dependence of
a  on is in the opposite direction.
There are several effects that may account for the well-width dependence of a . 
Pressure decreases the lattice constant and therefore narrows the well width in a hete­
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rostructure. In addition, the effect of different pressure coefficients in the well and 
barrier layer may change the barrier height with pressure. Moreover, the conduction- 
band effective mass is increased by the application of pressure due to the nonpara-
bolicity effect,5*32 which affects both the subband energies and exciton binding
energies in the quantum wells. The observed increase in a narrower wells is a combined 
effect of these factors. The work on InGaAs/GaAs systems could have had an 
uncontrollable parameter of alloy disorder in the well affecting the pressure coefficients 
for thin wells. Our experiments confirm the trend of the pressure coefficient 
dependence on the well width for strained layer systems without the influence of alloy 
disorder in the well.
We have measured the pressure coefficient of CdTe/Cd^Mi^Te SQWs with the 
same Mn content in the barriers for various well widths at 4 K. The pressure coefficient
a  is seen to depend on well width, which decreases for increasing well width in a
similar way to strained InGaAs/GaAs systems but in contrast to the lattice matched 
GaAs/AlGaAs structures.
5.6 CdTe/Cdj . xMnxTe QWs in a Magnetic Field
Perhaps the most interesting and unique property of the diluted magnetic semi­
conductors (DMS) is the strong exchange interaction between the charge carriers and 
the magnetic ions. In bulk DMS, with increasing magnetic field the band gap decreases 
and the excitonic emission shifts to lower energies through Zeeman splitting of the 
localized levels. The tuning range depends on the magnetic concentration x and the 
magnetic splitting of the exciton energy is found to be a maximum for x - 0.2. The net 
total spin in bulk DMS decreases at higher concentrations by the formation of anti­
ferromagnetic ordered clusters among the ions.5*33 At temperatures below about 10 K 
(dependent upon the magnetic concentration), the charge carriers successfully orient
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their magnetic spins around themselves forming the complexes known as bound 
magnetic polarons (BMP). Therefore, DMS systems are very sensitive to magnetic 
fields and their electronic structures are magnetically tunable.
CdTe/Cd^ _xMnxTe SLS and QWs correspond to type-I heterostructures. Through 
exchange interactions between the carriers and the magnetic ions, it is possible to tune 
the band gap of the magnetic layers, and hence the conduction band and valence band 
offsets, by applying a magnetic field. Thus the applied field can induce large changes 
of the carrier confinement energies and the exciton binding energies. Eventually if the 
changes of the band offset are large enough, a field induced transition of a superlattice 
from type I to type II may take place. Therefore, one has a useful magnetic control, 
after fabrication, of the barrier height in diluted magnetic semiconductor superlattices 
and quantum wells.
In semimagnetic materials, an important effect will be the dependence of the mag­
netic interactions on the mean Mn-Mn atomic separation in the Cd j . xMnxTe layers. 
While this can be changed extensively by alloying different proportions of Mn, other 
factors will vary in an uncontrolled way from sample to sample. High pressure enables 
the Mn-Mn separation to be varied in a controlled way, over a few percent, while 
controlling and changing other factors in a known way.
Since the compressibilities of different semiconductors vary, there can be pressure- 
induced biaxial strains between semiconductors that share a common interface. Then, 
the applied pressure can allow sufficient tuning of mismatch in a single sample to 
simulate a wide range of materials at atmospheric pressure (1 atm.). Given these 
factors, magneto-optical spectroscopy under high pressures in CdTe/Cdi _xMnxTe 
systems will greatly help in the analysis of electrical and optical processes occuring at 
atmospheric pressure and provide a direct determination of some of the important 
material parameters.
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So far there have been few reports on the pressure dependence of the luminescence 
in CdTe/Cdj.xMnxTe strained-layer structures,5-23 and no reports on the magneto­
optical studies of high pressure spectroscopy in DMS systems. Here we report for the 
first time the influence of hydrostatic pressure on the magneto-optical spectra of 
CdTe/Cdj_xMnxTe multiple QWs and single QW structures with different x values.
5.6.1 Experimental Considerations
For high pressure measurements in magnetic field, the micro-diamond anvil cell 
(DAC) described in Section 2.3 was inserted in a cryostat equipped with a super­
conducting magnet providing magnetic fields up to 8 Tesla at 4.2 K. In order to achieve 
optimal hydrostatic conditions, the pressure was changed at room temperature.
The magneto-optical investigations of high pressure spectroscopy were performed 
with two optical fibres which guide the ingoing laser beam and return the outgoing 
photoluminescence. All measurements were carried out with the magnetic fields parallel 
to the growth axis of the samples. The photoluminescence (PL) spectra were excited 
using the 488 nm line from an Argon-ion laser. The emitted light was dispersed by a 
lm  double-grating spectrometer and detected with a cooled GaAs photomultiplier tube 
using photon-counting technique. The spectra were recorded at liquid helium 
temperature.
The samples used were the same ones described in Section 5.4 and 5.5: M157 and 
M230. The first sample consists of five QWs with the same well width 100 A, 
separated by 100 A C d j.xMnxTe (x = 0.063) barriers. The second sample consists of 
four QWs with different well width from 2 0 —150 A, separated by 2000 A Cdj_ 
xMnxTe (x = 0.125) barriers.
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5.6.2 Magneto-Optical Spectra at Atmospheric Pressure
In this section we discuss the results of magneto-optical studies which yield infor­
mation about the CdTe/Cd^_xMnxTe MQWs (x = 0.063, Lw = 100 A) under atmos­
pheric pressure (p = 1 bar).
Typical luminescence spectra for CdTe/Cd^.xMnxTe MQWs (sample M157) with
varying magnetic fields under atmospheric pressure and T = 4.2 K are shown in Fig.
5.14. Each of the spectra is normalized to its maximum intensity. The B = 0 T spectrum
consists of two peaks A and B. The weak higher energy peak A is identified as the cap
layer emission (x = 0.063). The very sharp peak B is attributed to free exciton
0
recombination from the five quantum wells, all of the same well width (Lw = 100 A). 
In order to characterize the barrier layer material, a detailed optical study was made of 
the capping layer, grown with the same alloy composition.
In bulk C dj.xMnxTe, the Mn substitution leads to a component of the energy gap 
linear in x and increasing with x. From the energy of the heavy hole exciton at zero 
field, and the empirical relationship
Ex (meV) = 1595 + 1587 x (5.16)
of Twardowski et al for Cd ^ _xMnxTe at 2 K,9 we find the manganese concentration to
be about 6%. Therefore, the total band offset AEg is about - 90 meV for MQWs
M l57. It is not precisely known how the band offsets in these quantum wells are 
shared between the conduction and valence bands, because a wide range of values for
the relative valence-band offset Qv = AEV /  AEg of the CdTe/Cd^_xMnxTe systems is 
found in the literature ranging from 7 %5-34 to 40 %.5,35
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Fig. 5.14. The magnetic field dependence of the luminescence spectrum at 
atmospheric pressure 1 bar and T = 4.2 K for MQWs M157. Peaks A 
and B are the emissions from the Cd j_xMnxTe cap layer (x = 0.063)
o
and the CdTe MQWs (L^ = 100 A), respectively. The magnetic field is 
parallel to the growth axis of the sample.
An important feature of the data of Fig. 5.14 is the magnetic tunability of the exci­
ton energy which arises through the Zeeman splitting. With increasing magnetic field
- 1 4 8 -
Ch. 5. Magneto-optical studies of CdTe/CdMnTe QWs under high pressures
from 0 to 7 T, we can see the rapid evolution of peak A from the Cdj_xMnxTe cap 
layer containing 6.3 % Mn. The shift of the excitonic emission is of order - 33 meV at 
a field of 7 T. This result is easily understood through the magnetic field dependence of 
the exchange interaction. We also can see that peak B from the CdTe QWs has split into 
two components at 7 T. The spin splitting is enhanced by the presence of the magnetic
Mn2+ ions in the C dj.xMnxTe barrier layers, but is much smaller in magnitude than
that of Cd j_xMnxTe as a result of the fact that the exciton is mainly confined within the 
CdTe quantum wells.
Fig. 5.15 depicts the influence of an applied magnetic field on a rectangular CdTe/ 
C dj.xMnxTe QW. We emphasize here the role of the heavy-hole valence states while
noting that the light-hole states are initially split from these at the T-point due to the
uniaxial component of the lattice mismatch strain in both the CdTe well and Cdj_ 
xMnxTe barrier layers (signs of strain are opposite). The field alters the quantum well
potentials due to the spin splittings in the C d j.xMnxTe barrier layers. The ability to 
magnetically “tune” the quantum well potentials provides a range of experimental data 
for accurate quantitative determination of the valence band offset in this system.
The Zeeman splitting of the ±3/2 heavy-hole exciton in the Cd^_xMnxTe layer for a 
manganese concentration x is given by5*33
AE±3/2(B) = ± 1/2 Nq (a -  (3) x <S^>, (5.17)
where <S^> is given in equation (5.6); NQa  and N0(3 are the exchange interactions of
electrons and holes with Mn ions, each with an electronic spin S = 5/2 and Lande’ 
factor g = 2.
To a first approximation, the shift is proportional to the manganese magnetisation, 
which eventually saturates at high field. In addition, the electron-hole binding energy in
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the exciton may also decrease with magnetic field and there may be contributions to the 
overall shift because of magnetic polaron formation in the barriers.
+ 1 / 2
- 1 / 2
a" i
E„(CdTe)—I
- 3 / 2 ----
~   1
+ 1 / 2
+ 3 / 2 ......- ..............  .......................
Fig. 5.15. Effect of a magnetic field on the band edges of a CdTe/Cd|_xMnxTe QW.
The solid lines show the band edges in zero magnetic field, the dotted and
dashed lines show the effect of applying a magnetic field. The o+ and o'
optical transitions are shown by the vertical arrows. (After Nurmikko,
1988).536
Therefore, the magnetic field causes large exchange splittings in both the valence 
and the conduction bands of Cdj_xMnxTe layers which in turn result in changes of 
both the carrier confinement energies and the exciton binding energies in CdTe quan-
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turn wells. From the capping layer data of MQWs M l57, the change in the band offsets 
is about -  33 meV at 7 T. Because 80% of the total band gap variation of the heavy hole
exciton is in the valence band,5-33 the -  3/2 barrier band edge is found to change by
about -  26 meV at 7 T. This is a large fraction, - 29%, of the band gap difference, AEg
« 90 meV, between CdTe and Cdj_xMnxTe. Thus we expect a type-I —> type-II 
transition if
AE_3/2(B) - A E v = 0, (5.18)
when a magnetic field is applied and Qv = AEy /  AEg is less than about 0.29.
However, we did not observe the type-I —» type-II transition up to magnetic fields of
7T. This also shows that the actual value of AEy /  AEg is larger than 0.29 for this 
sample.
It is clear that in Fig. 5.14, peak B from CdTe wells (L^ = 100 A), in contrast to 
peak A from C d j.xMnxTe layer, has no detectable exciton energy shift with the mag­
netic field over 7 T range. Although we expected to observe some spectral shifts from 
considering the finite penetration of the exciton wavefunction into the Cdj_xMnxTe 
layers, they were unexpectedly small. This result supports that reported by Aws-
chalom et al (1989).5-37, 5,38 Therefore, it is clear that both electrons and holes are
mostly localized in the CdTe quantum wells, rather than in the Cdj_xMnxTe barrier 
layers, i.e. that the structure is of type-I.
It is not always the case that nonmagnetic well samples show this insensitivity to 
field. Other experiments have found large energetic shifts with field, using CdTe/Cdj.
xMnxTe SL samples (x = 0.06 -  0.28, = 16 -  97 A) grown on (111) GaAs
substrates and performing at 1.8 K and 5 T.5,39
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Furthermore, we note that the exciton cannot be localized at the interfaces, since the 
shifts are much smaller (undetectable) than those reported for excitons trapped at such
interfaces in certain CdTe/Cd j_xMnxTe structures grown on GaAs.5-40 The formation
of interface states at the heterointerfaces of CdTe/Cdj.xMnxTe structures may be 
related to the parameters employed during MBE film growth (substrate temperature, 
film growth rate, vapour flux ratios, etc.). In addition, strain effects are also expected
to play a significant role in interface state formation.5,39 However, it is not completely
clear what sample characteristic is dominant in modifying the variation of the exciton 
energy with field.
Another important feature of Fig. 5.14 is that the capping layer (x = 0.063) peak A 
rapidly increases in intensity with increasing magnetic fields from 0 T to 7 T. The 
dominant contribution to the increase of the luminescence intensity with magnetic field 
arises from the increased electron-hole overlap, which results from the decrease of the 
excitonic Bohr radius in a magnetic field and from the increase of the exchange 
interaction between carrier spins and those of the magnetic ions.
In contrast, the well emission (peak B) decreases in intensity with magnetic field. 
This behaviour can be understood by considering the following: the external field 
reduces the quantum well confinement, since the barriers have now lower energies, and 
the holes in the wells move further into the barrier layers. The electrons, on the other 
hand, remain located near the well centre, because they experience a much higher 
barrier height in the conduction band. The electron-hole overlap is thus significantly 
reduced by applying a magnetic field. The relative displacement of the electron and the 
hole will decrease the binding energy with increasing magnetic field resulting in the 
decrease of the luminescence intensity of peak B.
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5.6.3 Magneto-Optical Spectra under High Pressures
In figure 5.16 (a) we show the luminescence spectra for CdTe/Cdj_xMnxTe
MQWs (sample M157) with varying magnetic fields under a hydrostatic pressure of - 7
kbar at T = 4.2 K. We observe that with varying magnetic field at -  7 kbar peak A,
from Cd^.xMnxTe (x = 0.063) capping layer, shifts to a lower energy without
•
significant spectral broadening and peak B, from CdTe quantum wells (Lw = 100 A), 
has no detectable energy shift. The magnetic field dependences of the emission energies 
of peaks A and B are very similar to those at atmospheric pressure shown in Fig. 5.14.
Figure 5.16 (b) shows the variations of peak B from the CdTe QWs with field and 
pressure. It is very clear that peak B splits into two peaks with increasing field at 1.5 
kbar and 7 kbar. The spin splitting ( - 3 meV at 7 T) is enhanced by the presence of the
magnetic Mn2+ ions in the Cdi_xMnxTe barrier layers, but is much smaller in
magnitude than that of C dj.xMnxTe as a result of the fact that the exciton is mainly 
confined within the CdTe quantum wells.
Figure 5.17 shows the energy shifts of the luminescence peak A from Cdj_ 
xMnxTe (x = 0.063) capping layer as a function of magnetic field at four different
pressures and T = 4.2 K for sample M l57. The luminescence energies decrease 
linearly at low fields and tend to saturate at higher magnetic field values. The external 
magnetic field leads to a destruction of the magnetic polaron due to an alignment of the 
Mn2+ spins. In a saturation regime the electron and hole spins are aligned with those of
the Mn2+ ions. The overall PL energy decrease between 0 and 7 T is 33 ±  1 meV at 
atmospheric pressure compared to 35 +  1 meV at 1.5 kbar. The smaller energy shift
under atmospheric pressure is probably due to the fact that the exchange constant at 
atmospheric pressure is smaller than that at higher pressure, for example, -  1.5 kbar. It 
is clear that the top three curves remain essentially parallel in the main linear region, as 
a function of magnetic field at the pressures studied.
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Fig. 5.16 (a). The magnetic field dependence of the luminescence spectrum under 
hydrostatic pressure (~ 7 kbar) at 4.2 K for MQWs (sample M157). 
Peaks A and B are the emissions from the Cdj_xMnxTe capping layer 
(x = 0.063) and the CdTe QWs (L^ = 100 A), respectively. The 
magnetic field is parallel to the growth axis of the sample.
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Fig. 5.16 (b) The variations of peak B from the CdTe QWs with field and pressure.
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Fig. 5.17. The energy shift of the emission from the Cdj_xMnxTe (x = 0.063) capping 
layer (peak A) as a function of magnetic field at four different pressures 1 
bar, - 1.5, - 7 and - 7.5 kbar and 4.2 K for sample M157. The solid 
lines are a guide to the eyes.
We now discuss the intensity changes in the emission from the cap layer (peak A) 
with magnetic field. With increasing magnetic field there is a drastic reduction in the 
luminescence intensity from the cap (barrier) layers (peak A) under hydrostatic pressure 
- 7 kbar. Compared with peak A in Fig. 5.14, the most important observation that can 
be made from Fig. 5.16 (a) is the striking contrast of the magnetic field dependence of
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the luminescence intensity of peak A at two different pressures 1 bar and 7 kbar: at 1 
bar the emission from the cap/barrier layer is much weaker at 0 T than at 7 T, but at 7 
kbar it is much stronger at 0 T than at 7 T. This is somewhat puzzling but the same 
dependence as that under - 7 kbar was also observed at pressure ~ 7.5 kbar.
In Fig. 5.18. we show the variations of the relative emission intensity of peak A 
from C d j.xMnxTe (x = 0.063) capping layer with magnetic field at four different 
pressures and T = 4.2 K for sample M l57. For atmospheric pressure 1 bar and lower 
pressure ~ 1.5 kbar, the luminescence intensities increase with the field (see Fig. 5.18
(a)), but for higher pressures - 7 and - 7.5 kbar, then decrease with the field (see Fig. 
5.18 (b)).
It is important to discuss why the magnetic field dependences of the relative 
emission intensity are so different in the two different pressure ranges. For the DMS 
systems, the usual exciton equation is augmented by a spin exchange term (see 
equation (5.5)). Considering that the application of high pressures reduces the inter­
atomic separation, this will also be ture for the distance between the carrier and the
magnetic ion. J (r  -  Rn) is the position-dependent electron-ion exchange constant
which falls off rapidly with the distance from a Mn site. Therefore, under high
pressures the exchange constant J (r -  Rn) is larger than that at zero pressure. The sp-d
hybridization is expected to increase on applying pressure. This can very well explain 
why at B = 0 T the relative emission intensity of peak A at -  7 kbar (see Fig. 5.16. a) is 
much stronger than that at 1 bar (see Fig. 5.14).
In addition, the presence of an external magnetic field reduces magnetic polaron 
effects. Thus, if the exchange effects are strong enough, at a certain field the net 
binding energy will vanish. This will then result in a rapid decrease of the emission 
intensity with the magnetic field, which is similar to what we observed in Fig. 5.18
(b).
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Fig. 5.18. The relative emission intensity of peak A from the Cd^_xMnxTe (x = 0.063) 
capping layer as a function of magnetic field at four different pressures and
4.2 K for sample M l57. (a): I (B) / 1 (B = 7 T) at pressures 1 bar and *1.5 
kbar; (b): I (B) / 1 (B = 0 T) at pressures about * 7 and * 7.5 kbar. The 
solid lines are a guide to the eyes.
-158-
Ch. 5. Magneto-optical studies of CdTe/CdMnTe QWs under high pressures
We may think that applying high pressures is somewhat similar to increasing the 
magnetic ion concentration x. For small Mn concentrations (x < 0.1), the materials are 
essentially paramagnetic, and the magnetic polaron binding energy increases with x.
For x > 0.1, the antiferromagnetic Mn2+ - Mn2+ interaction will play an important role
in determining the polaron binding energy.
In particular, for materials with larger x values, there is a competition between the 
strong carrier- Mn2+ exchange interaction, which tends to align Mn^+ spins parallel to
that of the carrier, and the direct Mn2+ - Mn2+ interaction which favours antiferro­
magnetic alignment. It may be possible that under higher pressures sample M l57 
behaves as if its x value were near the critic value 10% Mn, even though it actually 
contains 6.3% Mn.
To confirm our arguments, we investigated the SQWs (sample M230) with larger 
magnetic concentration (x = 0.125). In Fig. 5.19, we show the variations of the 
relative emission intensity from C d j.xMnxTe (x = 0.125) capping layer with magnetic 
field at two different pressures and 4.2 K for sample M230. The luminescence intensity 
decreases with increasing field at atmospheric and higher pressures. Comparing these 
results with those of sample M 157 at -  7 and -7 .5  kbar, it is clear that this variation 
trend is very similar to that in Fig. 5.18 (b).
Thus, these results confirmed our hypothesis that the magneto-optical spectra can 
be changed from that of a lower x value to that of a higher one by hydrostatic pressures 
in DMS systems. One final observation is that the rate of decrease of emission intensity 
with magnetic field is slower for the sample with 12.5% Mn suggesting that the 
mechanisms involved are somewhat more complex.
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Fig. 5.19.
The energy shifts of the luminescence from the capping layer (x = 0.125) for 
sample M230 at 4.2 K as a function of magnetic field at two different pressures are 
plotted in Fig. 5.20. The luminescence energies decrease almost linearly at low fields 
and tend to saturate at higher magnetic field values, which is similar to the trend 
observed in sample M157 (x = 0.063).
With respect to the overall energy shift from 0 to 7 T, at 1 bar the luminescence 
energy shifts - 27 meV, whereas at - 8 kbar it shifts ~ 39 meV These much larger 
energy shifts with pressure compared to those of sample M157, arise from the fact 
that the exchange constant depends on Mn concentration and in the sample with higher 
concentration the application of pressure has a stronger effect.
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0.2
80 62 4
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The relative intensity I (B) / 1 (B = 0 T) of the emission at 4.2 K from the 
Cdi_xMnxTe capping layer (x = 0.125) as a function of magnetic field at 
two different pressures 1 bar and - 8 kbar for sample M230. The solid line 
is a guide to the eyes.
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Fig. 5.20. The energy shift of the emission from the Cdj_xMnxTe capping layer (x = 
0.125) as a function of magnetic field at two different pressures 1 bar and 
- 8 kbar and 4.2 K for sample M230. The solid lines are a guide to the 
eyes.
Furthermore, for sample M230 a very small exciton energy shift of the quantum
o
well (Lw = 20 A) with magnetic fields can be observed under atmospheric pressure (2 
± 1 meV from 0 to 7 T) as shown in Fig. 5.21. However, at 8 kbar there is a larger 
energy shift 22 + 1 meV over the same field range. A similar trend was observed at -  6 
kbar.
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Fig. 5.21. Variations of the exciton energy of the quantum well (Lw = 20 A) at 4.2 K 
as a function of magnetic field at two different pressures of 1 bar and - 8 
kbar for sample M230. The solid lines are a guide to the eyes.
The most important observation that can be made from Fig. 5.21 is the dramatic 
difference of the magnetic field dependence of the free exciton energy in the quantum 
well (Lw = 20 A) under zero and high pressures. These results substantially differ 
from those of sample M l57 where the well exciton energy was almost insensitive to the 
magnetic field (see peak B in Fig. 5.14 and Fig. 5.16). This phenomenon appears to 
originate from the exchange interaction between the exciton in the well and the Mn-ion 
spins in the barrier layers.
We recall that the CdTe/Cdj.xMnxTe quantum well structure is a type-I QW, 
consisting of a nonmagnetic well and a magnetic barriers. The valence band offset is 
known to be small. The variations of the exciton energy with magnetic field will 
depend strongly on the wavefunction penetration of the optically excited carriers into 
the barrier layers, changing as the confinement energy of the carriers is varied.
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When a magnetic field is applied, the magnetisation of manganese ions in the 
barriers is altered. This causes a reduction in the bandgap and produces changes in the 
potential well depths seen by the electrons and holes in the CdTe well. As a result, the 
confinement energies are altered. The extent of the penetration of the carrier wave- 
functions into the barriers also changes.
If the carrier wavefunction is confined mainly to the well with little penetration into
the barriers, the magnetic tuning cannot be observed as the magnetism is induced
primarily in the barrier layers. This is expected to be the case for sample M157 (Lw = 
0
100 A) at atmospheric and higher pressures and to some degree in sample M230 (Lw =
o
20 A) at atmospheric pressure.
Considering that a well width of 20 A approaches the narrow width limit, the well 
will become narrower under high pressures. In addition, the different compressibilities 
of the semiconductors may introduce biaxial strains. If CdTe is “harder” than CdMnTe
(a one < a CdMnTe)’ then the biaxial strain in the well will have a compressive com­
ponent, raising the confined energy levels further and probably enhancing penetration 
of the well exciton wavefunction into the barrier. Therefore, the applied pressure can 
vary the mismatch of this sample and the strain in the well. Given these two factors, the 
wavefunction penetratation may be more significant, a larger part of the induced mag­
netization signal is associated with alignment of the spins in the Cdj_xMnxTe barriers.
Furthermore, the smaller energy shift of -  22 meV of the ground-state exciton 
transition (which originates and terminates in the nonmagnetic well) is a manifestation 
of the partial penetration of the wavefunctions of the initial and the final states into the 
magnetic barriers. By contrast, the larger energy shift of - 39 meV (see Fig. 5.20) 
indicates that this transition originates and terminates on states localized predominantly 
in the Cd^_xMnxTe layer.
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5.7 Summary
The photoluminescence (PL) of CdTe/Cd J _xMnxTe MQWs and SQWs with well 
0
widths from 20 to 150 A has been investigated as a function of hydrostatic pressure (1 
bar -  35 kbar) at liquid-helium temperature. No band crossovers were observed before
the phase transition at - 33 kbar. Pressure coefficients of the transitions between
the quantized ground levels of the T-conduction band and the heavy-hole valence band
are presented for various well widths. The pressure coefficient is found to increase with 
decreasing well widths, as in InGaAs/GaAs strained quantum wells but unlike that 
observed in the GaAs/AlGaAs quantum well system.
The magneto-optical spectra of CdTe/Cd ^  _xMnxTe quantum wells have been inves­
tigated as a function of hydrostatic pressures at liquid helium temperature. DMS 
systems are very sensitive to magnetic fields and their band gaps are magnetically 
tunable. The band gap of the Cd^_xMnxTe barrier layers decreases with increasing 
magnetic fields.
On the other hand, for CdT e/Cd j  _xMnxTe MQWs (x = 0.063), the CdTe wells (L^
o
-  100 A) have no detectable exciton energy shift with magnetic field at atmospheric and 
higher pressures. In contrast, for CdTe/Cdj_xMnxTe SQWs (x = 0.125), the CdTe well 
(Lw = 20 A) has large energy shifts with field under high pressures. These obser­
vations are qualitatively explained by the degree of penetration of the electron-hole pair 
wavefunction into the DMS barrier layers with high pressure acting in a similar manner 
as increasing the Mn concentration. It is not completely clear what sample characteristic 
is dominant in modifying this conclusion, but strain is the leading candidate.
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6.1. Results of This Thesis
The running theme of this thesis has been the use of high pressure in hydrostatic 
and uniaxial form, applied after sample growth or built-in during sample growth.
It has been shown here that the application of hydrostatic pressure is a valuable 
variable in: (i) aiding the understanding of the origin of the low temperature emission in 
semiconductor alloys, such as AlInAs and (ii) modifying the strength of magnetic ions 
interactions in dilute magnetic semiconductors, such as CdMnTe-CdTe quantum wells.
On the other hand, highly strained superlattices were shown to be mechanically 
unstable over a period of time in the month-scale. Nevertheless the study of their optical 
properties over a short period of time allowed an insight into the optical processes in 
type II superlattices.
6.1.1. Optical Properties of Al0 4gIn0 52As under High Pressures
Until this work was completed no detailed studies of the low-temperature lumines­
cence of A1q 4 gln0  5 2 As under high pressures were available to the best of our 
knowledge. The motivation for this work was to identify the low-temperature emission 
and to provide the first detailed high pressure investigation of the luminescence 
properties of A1q 4 gln0  5 2 As, grown lattice matched to InP.
Previous work had suggested that the low-temperature emission of Al0  4 8  In0  52As 
was due to band-to-band transitions or bound excitons , 3 *6  and other assignments such 
as free-to-bound and donor-acceptor-pair transitions were also considered: PL work on 
AlQ4 gInQ5 2As under hydrostatic pressure , 3 - 7  which yielded a linear pressure 
coefficient of the direct-conduction band gap of 10.1 meV/kbar at 80 K, ascribed the 80
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K emission to free-to-bound.
We investigated the low-temperature PL and PLE spectral characteristics of A1q 4g_ 
InQ 5 2As under high pressures from 1 bar up to 92 kbar. Our results provide an insight 
into the luminescence processes that occur in Al0 4gln0 5 2As, especially with respect to 
the changes in luminescence mechanisms that occur concurrently with the crossover 
between the direct- and indirect-related bands. At the same time these studies have 
furnished important data on the pressure behaviour of impurity states in the alloy.
We observed the band-to-band and the bound-to-free transitions in the PLE spectra 
and found a large shift between the PL and the PLE spectra, -  74 meV. By investigating 
the temperature and excitation-power dependences of the PL spectra together with the 
PLE spectra, we demonstrated that the low-temperature emission of the Al0 4gln0 52As
is not excitonic but due to (D°, A°) transitions with a relatively deep acceptor of -  68
meV, which occurs in both the direct- and in the indirect-band gap.
At low temperature, the main change in the appearance of the spectrum, as one goes 
from direct gap to indirect gap, is the abrupt variation of the pressure coefficients at ~ 
52.5 ± 0.5 kbar. However, the emission intensity does not change drastically. The
linear pressure coefficient a r  of the (D°, A°) band related to the T minimum in the
conduction band of AIq^ L iq 52As was found to be 7.9 ± 0 .1  meV/kbar, which is
almost the same as that of bulk InAs (8 meV/kbar),3,9 but significantly lower than that
of A10 4gIn0 52As at 80 K.3-7 The linear pressure coefficient a x  of the (D°, A0) band 
related to the X minimum in the conduction band was found to be -  2.9 meV/kbar, 
which is close, but not equal to that of bulk GaAs (- 1.8 meV/kbar at 110 K).3,10
There is evidence for the donor-acceptor level. The acceptor level is quite deep with 
a binding energy of 68 ± 1 meV. Moreover, emission from a DX-like level is observed
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above pc , the energy of which is independent of pressure.
We also find that the transition of the (D°, A0) band from a direct-pair band to an
indirect one (i.e., a pair band that follows the indirect-conduction band pressure depen­
dence) occurs abruptly within the resolution of the present data in that the indirect 
emission appears clearly above p c. In the intermediate range 50 kbar < p < 55 kbar,
direct (D°, A°) recombination occurs together with indirect pair recombination. Thus
significant mixing occurs over a pressure range of less than 5 kbar.
Finally , we suggest that the shallow donor ground states associated with the X-
and the F- conduction bands seem to be tied quite rigidly to these conduction bands
since variations in the donor binding energies with pressure and near the direct-indirect 
crossover seem to be minor in the PL and PLE spectra.
6.1.2. Optical Properties of GaAs/GaP Strained-Layer SL
GaAs/GaP strained-layer superlattices are the limit case (x = 1, maximum lattice 
mismatch) for the system G aP /G aA s^j^ , in which the lattice mismatch is 3.7 %. 
Optical studies of this kind on strongly strained-layer GaAs/GaP superlattices grown on
GaAs substrates have been reported previously.4-9, 4-10 In this work, we investigated
the optical characterization of a type-II GaAs/GaP strained-layer superlattice grown by 
atomic layer molecular-beam epitaxy (ALMBE) on GaAs substrate. Photoluminescence 
(PL) and photoluminescence excitation (PLE) measurements were carried out. By 
combining these two techniques and observing the PL evolution as a function of 
temperature and excitation power we identified the origin of the observed transitions.
For (GaAs)6/(GaP)6, the lowest conduction band is X level in GaP layers. The 
energy separation between X-level in GaP layers and T-level in GaAs layers is - 44
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meV at 75 K. Electron transfer effects between states confined in GaAs and GaP layers 
were observed when the excitation power and temperature are raised, in the form of
emission intensity variation of both the X- and T-related emission bands. The intensity
changes are well explained in terms of lifetime and density of states of the electron 
valleys involved.
The temperature dependence of the PL spectra for this type-II (GaAs)6/(GaP)6 SLS
is found to be different from previously reported results.4,10 We have probably
observed, for the first time, the strain relaxation induced optical transitions, which
would be associated with defects or impurities related to T- and X-states. However, the
broad emission lines precluded further studies on the precise nature of these suggested 
strained-induced transitions.
Because of the large lattice mismatch in GaAs/GaP systems, the samples are highly 
strained structures. We found that the type-II (GaAs)6/(GaP)6 SLS is mechanically
unstable as revealed by the energy separation between X- and T-levels changing with
time. Thus, we have pointed out a crucial problem in this kind of systems, namely 
temporal strain relaxation, which probably pre-empts device applications of this 
material system.
6.1.3. Magneto-Optical Studies of CdTe/CdMnTe QWs under High 
Pressures
Although the optical and electronic properties of CdT e/Cd ^  _xMnxTe SLs and QWs 
had been studied in some detail, a substantial number of questions remain concerning 
the basic electronic structure and properties of the systems. Compared with the more 
widely studied III-V SLs and QWs, notably the GaAs/(GaAl)As system, few of the 
fundamental parameters necessary for the engineering of CdTe based devices were
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known. Such parameters are particularly important in the strained layer SLs and QWs.
In this work the photoluminescence (PL) of CdTe/Cd ^  _xMnxTe MQWs and SQWs 
with well widths from 20 to 150 A has been investigated as a function of hydrostatic 
pressure (0 - 35 kbar) at liquid-helium temperature. No band crossovers were observed 
before the phase transition at - 33 kbar. The absence of band crossover augurs well for 
devices which rely on electron confinement since the deleterious effects associated with
contributions from X-levels are expected. Pressure coefficients of the transitions 
between the quantized ground levels of the T conduction band and the heavy-hole
valence band were determined for various well widths. The pressure coefficient is 
found to increase with decreasing well widths, as in InGaAs/GaAs strained quantum 
wells but unlike that observed in the GaAs/AlGaAs quantum well system. The limit of 
the narrowest well in this study compares well with the pressure coefficient of 
CdMnTe.
The magneto-optical spectra of CdTe/Cd ^  _xMnxTe quantum wells were inves­
tigated as a function of hydrostatic pressures at liquid helium temperature. DMS 
systems are very sensitive to magnetic fields and their band gaps are magnetically 
tunable. As expected, the band gap of the Cd j_xMnxTe barrier layers decreased with 
increasing magnetic fields.
On the other hand, for CdTe/Cd^_xMnxTe MQWs (x = 0.063), the CdTe wells (L^ 
= 100 A) have no detectable exciton energy shift with field under zero and high 
pressures. In contrast, for CdTe/Cd^.xMnxTe SQWs (x = 0.125), the CdTe well (L^ = 
20 A) has large energy shifts with field under high pressures. These behaviours were 
explained by the degree of penetration of the electron-hole pair wavefunction into the 
DMS barrier layers. It is not completely clear which sample characteristic is dominant in 
modifying this conclusion.
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We found that the magnetic field dependence of the luminescence intensity of the 
Cd j_xMnxTe layers can be dramatically changed by high pressures due to the variations 
of the distance between the carriers and the Mn ions with pressure. This result provides 
a use in the design of future optical devices requiring band-to-band recombination as 
the sample characteristics for maximum intensity can now be determined from this data.
6.2. Future Research Work
Here, we concentrate mostly on DMS, the properties of which have been discussed 
in chapter 5 together with the contribution of this research.
An obvious extension of the work on CdTe/CdMnTe is the patterning of these 
quantum wells into nanostructures of dimensions comparable to the de Broglie 
wavelength, i.e., less than 100 nm. The spatial confinement of the electronic 
wavefunction to 1- and 0-dimensions has given rise to many attractive predictions 
related to optical transitions and quantum transport properties, including: a) the increase 
overlap of the electron and hole wavefunctions is predicted to enhance the oscillator 
strength; b) the density of states in the 0-D limit tends to concentrate more and more 
carriers in quantum states; c) the restrictions on the values of the wavevector k suggest 
an increased carrier mobility in 1-D due to limited scattering processes. Therefore, the 
field of n-VI nanostructures is wide open, particularly, exciton and phonon-related 
phenomena focussing on the influence of lower dimensional effects.
6.2.1. Phonon-Related Phenom ena in Low-Dimensional II-VI
The phonon lattice vibrations and Zeeman splittings in 2- and 1-D can be studied by 
resonant-Raman-scattering (RRS) with circularly polarized components in external 
magnetic fields and high pressures. RRS by phonons provides the link between 
electronic and lattice-dynamical properties: the energy dependence of the Raman 
efficiency and its absolute value are determined by electron-phonon interaction and by
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parameters of the band structure, such as gap energy, effective masses and broadening.
RRS by LO phonons is particularly interesting because both short- and long-range 
parts of the electron-phonon interaction are present. The short-range part can be 
represented by deformation potentials, while the long-range part, the Frohlich 
interaction, arises from the electric field generated by LO phonons in polar 
semiconductors. An important aspect is the character of optical phonons in 1-D as novel 
predictions of phonon hybridization in wires are emerging in the literature. The high 
Raman efficiency of these II-VI materials makes them a superior candidate for such 
work.
The DMS materials show in general characteristically very large Zeeman effects at 
the lowest interband excitonic transitions, emanating from the exchange coupling 
between the exciton s-p (Bloch) states and those of the Mn-ion d-electrons. Zeeman 
spectroscopy can yield direct quantitative information about the degree of penetration of 
the electron-hole pair wavefunction into the DMS barrier layers (and hence quantum 
well confinement and band offsets). In this thesis only qualitative information on this 
topic was presented.
6.2.2. Magnetic Polarons and Dimensional Effects
A particularly attractive study concerns the effects of changes in dimensionality (to 
1- and 0-D) on magnetic phenomena. For example, probing the magnetic behaviour on 
a local scale by exploiting the strong spin-spin interaction between the carriers and the 
magnetic ions and observing the effects of quantum-confined carriers on the magnetic 
properties of the system.
In nanostructures, spin polarized carriers can induce a magnetization whose spatial 
extent will be completely determined by the quantum mechanical wavefunctions of the 
confined carriers. Therefore, with low-dimensional DMSs, one may construct a tailored
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potential to shape the electronic wavefunctions and vary the length scale of the magnetic 
probe, thereby providing an opportunity to study quantum phenomena in a new 
manner.
6.2.3. Theoretical Work in II-VI DMS N anostructures
Theoretically, this field would deal with the electronic structures, light emitting 
mechanisms, emission efficiency and strength of quantum interactions in II-VI 
nanostructures, such as electron-photon and spin-exchange interactions. Theoretical 
study of the electronic structure of II-VI QWs and SLs is highly complex and worthy of 
research, because of the number of overlying effects of comparable magnitude which 
enter the basic Hamiltonian.
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